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THE TOTAL INTRACELLULAR CONCENTRATION OF 
MAMMALIAN TISSUES COMPARED WITH THAT 
OF THE EXTRACELLULAR FLUID 


By E. J. CONWAY anv J. I. McCORMACK 
From the Department of Biochemistry, University College, Dublin 
(Received 15 March 1952) 


Since animal tissue cells have easily distensible membranes it is to be expected 
that the total intra- and extracellular concentrations are the same. If the 
concentration within the cell were maintained appreciably higher than that 
outside, this would involve a continuous active extrusion of water, with an 
unremitting expenditure of energy directed thereto throughout the normal 
life of the cell. 7 | 

The view that there is no such continuous expenditure of energy is sup- 
ported by the fact that, from the analytical data for the rat muscle expressing 
the amounts of known constituents of quantitative significance (Conway & 
Hingerty, 1946), the total molecular concentration within the fibres would 
appear to be identical with that in the extracellular fluid. 

On the other hand, Robinson (1950) has described experiments with 
mammalian tissues, which indicate, as he believes, that not only is the mole- 
cular concentration within the cells appreciably higher than that outside, but 
it is even 50-100% higher. This would imply that about 150-300 m.mole of 
unrecognized material exist in the fibre water of skeletal muscle. Such 
material would exceed the total potassium content, also that of the total 
phosphate, but it has so far escaped notice. 

Robinson considers that his observations can be explained only if energy 
derived from respiration is used to expel water from the cells. In a steady state 
the higher internal osmotic pressure causes water to diffuse into the cells as 
fast as it is pumped out. His conclusions are based on facts of the following 
kind. Slices of rat kidney immersed in isotonic Ringer’s fluid, either oxygen- 
free or containing cyanide, were found to take up water rapidly. Increase of 
weight had been previously observed by Stern, Eggleston, Hems & Krebs 
(1949) for slices of kidney, liver, brain, lung and spleen under anaerobic 
conditions. Similar observations were made for slices of rabbit kidney by 
Conway & FitzGerald (1942). Also, the swelling of the isolated frog ~~ in 
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cyanide-Ringer was investigated by Conway, FitzGerald & MacDougald 
(1946), but this was attributable to changes in the second convoluted tubule. 
Robinson found (1950) that the tissue slices of kidney or muscle which had 
taken up much water under anaerobic conditions lost this water again when 
restored to an oxygen atmosphere. The reversal was rapid, taking only a few 
minutes. 

Concerning intracellular concentrations in mammalian tissues he refers to 
Sabbatani (1901) and other workers following the same procedure, who found 
that the osmotic pressures of the cells of parenchymatous organs were not the 
same as those of the extracellular fluids, but some 50-100% greater. Thus 
Goémori & Moln4r (1932) found the freezing-points of a number of organs from 
the rabbit to be considerably lower than that of the serum. However, Héber 
(1922) has effectively criticized the Sabbatani method in which the freezing- 
point of unbroken cells is examined, and emphasized the large degree of 
supercooling that would arise. 

The question of the molecular concentrations in mammalian tissue cells 
would be finally decided, if by reliable cryoscopic measurements the freezing- 
points of the intracellular fluid could be measured or with certainty inferred 
for in vivo conditions. This question is investigated here, and the results 
described appear to show conclusively that the normal intracellular concentra- 
tions of mammalian tissues is the same as that of the extracellular fluid 
within the sampling error involved. In other words, no energy would appear 
to be normally wasted in the active extrusion of water from the cells. 


METHODS 
In the microcryoscopic method used, one thermocouple was immersed in an ice-water mixture at 
0° C and the other in the tissue mixture (prepared as described below), which, having been super- 
cooled, was made to freeze by seeding with a tiny crystal of frozen 0-95 % (w/v) NaCl. The thermo- 
couples were connected to a mirror galvanometer. . ; 


Apparatus 
A sketch of the apparatus is shown in Fig. 1. A and B are two large and rather heavily con- 
structed Dewar flasks, well insulated by surrounding with several layers of cotton-wool. The flask 
B contained a mixture of distilled water and crushed ice made from distilled water. The flask was 
filled almost completely with the ice-water mixture, and the thermocouple kept well below the 
surface. The stirrer S was also frequently used, and in this way the temperature of the thermo- _ 
couple was maintained exactly at 0° C throughout the freezing-point measurements. 
The second flask contained a freezing mixture of ice and saline maintained at about -1-5° C. 
Immersed in this mixture was a glass chamber which could hold several ‘ freezing-point tubes’ (C). 
A more detailed sketch of this arrangement is shown in Fig. 2. The tube C (about 1 ml. capacity) 
contained the ‘tissue mixture’ U, and this tube could be slipped on rapidly and easily over a small 
piece of rubber tubing P attached to the end of the forked tube L. This is held in position by the 
cork M, and the thermocouple 7’, is introduced through it, dipping into the tissue mixture. The 
thermocouple was made of thin copper and eureka wire, and in order to insulate one from the 
other the copper is brought up through a glass tube of narrow bore and the eureka wire wound 
around the outside. The tube makes a good stirrer for the tissue mixture. 
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For seeding, small perforated glass beads, W, are frozen in 095% NaCl (ic. o saline with 
approximately the same freezing-point as the tissue mixture). These can be introduced through 
the fork of the tube L at K. 

Using this method it is possible to work accurately with as little as 0-2-0-4 g of the mixture or 
0-1-0-2 g of the ground tissue. Each one-hundredth of a degree Centigrade was represented on the 
scale by a displacement of 2-5 mm. Repeated determinations of the freezing-point of a standard 
solution did not differ by more than one-hundredth of a degree, which was sufficiently accurate 
for the purposes of the investigation. 

Preparation of the tissues 

In nearly all cases the experimental animal (guinea-pig or rat) was anaesthetized with ether; 
the abdominal muscle, kidney or other tissue was then removed and dropped immediately into 
liquid oxygen. After this the animal was bled from the jugular vein, a sample of the plasma or 
serum being kept for analysis. In some experiments the tissues were not frozen but ground at 
room temperature. 

The frozen tissue was ground in a mortar, cooled by pouring in liquid oxygen from time to time. 
A rapidly weighed amount of the powdered tissue was then quickly but well ground with an 
equal volume of 0-95 % (w/v) NaCl at 0° C. This saline contained m/500-sodium azide and m/500- 
monoiodoacetate, with the object of inhibiting or delaying the increase in the concentration of 
metabolites after grinding. (Such inclusions were found to have only a small delaying effect.) The 
saline was added to the ground tissue to ensure sufficient fluidity for the subsequent cryoscopic 
procedure. 

When the mixture was sufficiently fluid and mixed, due to such grinding, it was then either 
transferred as quickly as possible to a freezing-point tube and a determination carried out, or it 
was maintained at approximately 0° C for varying periods. 


Determination of the freezing-point 

The tissue mixture in tube C was allowed to supercool by about 0-5° C, being stirred from time 
to time with the thermocouple holder. The freezing mixture in the bath outside the cooling tube 
was maintained at -1-5 to -—1-7° C, being frequently stirred. When the mixture in tube C was 
sufficiently supercooled a perforated glass bead containing frozen 0-95% NaCl was introduced at 
K and at once the light image of the scale moved back to the position of the true freezing-point. 
_ The procedure was standardized using standard NaCl solutions at and around 0-95% NaCI. 
From the scale readings corresponding to the freezing-point of the tissue mixture and of the saline, 
that of the tissue could be determined by the following calculation. | 


Calculation of the freezing-point (0° C) of the tissue 

It will be convenient to consider here the freezing-point depression rather than the freezing- 
point. It will be written simply as F, ; the depressions for the tissue mixture, the saline used and 
the tissue being given as F,,, F, and F,. 

The value of F’, is 0-57° C, being the freezing-point depression for 0-95% NaCl containing the 
inhibitors as described above. 

For each gramme weight of tissue taken, an equal number of millilitres of saline is added. (Here 
millilitres of saline will be regarded as equal to grammes of saline.) If f is the weight of tissue 
water per g tissue, this can be regarded as forming a solution in the ground tissue with freezing- 
point depression = F,. The total water in the ground tissue and saline mixture is (wf + w), where w 
is the weight of ground tissue taken. The following may then be written: 


+0) = + Fw. 3 
From this F,=F, (=) (1a) 


(#2) (2) 
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equal in millilitres to the grammes weight of the frozen and ground sample. The procedure was the 
same as that described above before determining the freezing-points, except that water was here 
used instead of saline. 

In caloulating the condensed water, the total volume of frozen and ground mixture with water, 
containing the same dry weight as 100 g tissue plus 100 ml. water ground at room temperature is 
obtained. Subtracting 200 g from this gives the weight of the condensed water per 100 g original 
tissue. 

Guinea-pig liver was selected for the investigation, a number of small portions of the fresh liver 
being taken for freezing, and a similar number for grinding at room temperature, the total weight 
being approximately the same as that used in the freezing-point determinations recorded, and of 
the order of 1 g. The samples of the mixtures were weighed in platinum crucibles and dried over- 
night at 105° C. 

From a series of twelve experiments the mean condensation was 1-6 + 1-5 (s..) g/100 g original 
tissue. This is not significantly different from zero, but could in an individual instance be as high as 
6%. Such variability, however, includes the variability in dry weight of the tissue samples. 

In considering how such condensation of water may enter into the calculations of the freezing- 
point depressions, if it is assumed that w is the original weight of the tissue in the sample of 
frozen and ground powder, and that a is the grammes water condensed into the powder, then the 
weight of the powder sample =(w +a). To this (w +a) g of saline are added, the total weight of 
water being now (wf +w+2a). On mixing with the saline some more fluid is condensed (=5), so 
that the total weight of water is (wf +w +c), where c=(2a +5), or the total condensed water. 

Equation (1) may then be rewritten as 


F,,, (tof + w +c) =F of + F,(w +a), (3) 
from which, on rearranging 


F, ( +{ Fae (4) 
The first expression within large brackets on the right corresponds to that in equation (1a) 
above. The second expression amounts to an additional and relatively small mean correction for 
a freezing-point depression of F,,. For approximate calculation, it may be noted that the value of 
b is likely to be much less than a, so that in effect a=}c, and with F,, and F, nearly the same 
in value the correction in equation (4) amounts to about °° 57°. With f near to 0-8 it is 
approximately 1% of the F, value. 

This small correction will be neglected in the ensuing calculations, but it may be noted in any 
final consideration that the mean F, figures found for various tissues are probably 1%, and 
possibly some few per cent, too low because of condensation during grinding after freezing in 
liquid oxygen. 

The value of f for muscle, liver, kidney and serum is 0-77, 0-72, 0-76 and 0-92 respectively, and 
equation (2) becomes: | 


F,=2-30 F,, 0-74 (for muscle), (2a) 
FP, =2-99 F,, 0-79 (for liver), (26) 
F,=2-82 F,, -0-75 (for kidney), (2¢) 
F, =208 F,, - 0-62 (for serum). (24) 


Effect freezing on the F', values. It is conceivable that deep freezing may alter the F, value 
seshupiadiaield ndaaalions It was considered desirable, therefore, to investigate this as 


This, however, takes no account of possible condensation of water during the grinding of the 
frozen tissue, and mixing with the saline. This was assumed to be a negligible quantity, but was 
investigated later (after being represented to the authors as possibly significant). The investiga- i 
tion was carried out by determining the dry weights of tissue ground at room temperature with 
a volume of water equal in millilitres to the grammes weight of tissue; and, similarly, the dry 
weights after freezing in liquid oxygen then grinding and mixing with a volume of water at 0° C 
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follows. A tissue suspension was made at room temperature by grinding with an equal weight of 
saline in the usual manner. After leaving for an hour, samples were taken and their freezing- 
pointe determined in the small freezing tubes. These were then immediately introduced into liquid 
oxygen, and after some time the tubes were removed, the mixture thawed out and ite freezing- 
point determined once more. 

The tissue chosen was guinea-pig kidney. Six alternate determinations before and after deep 
freezing were carried out on different kidney suspensions. No difference appeared due to the 
immersion in liquid oxygen. Thus the mean F, of the six determinations before deep freezing was 
0-712° C and after it was also 0-712° C. The mean difference between each set of determinations 
was 0-000 + 0-003. 


RESULTS 


F, values after grinding at room temperature 
Table 1 shows the results obtained after grinding the tissue at room tempera- 
ture with an equal volume of saline, calculating F, as if the tissue solids were 
uniformly dissolved in the total tissue water, as described in Methods. It will 
be seen that such F, values are in general much greater than those of the 
plasma, that for the diaphragm being about twice as great, and for the 
abdominal muscle about 50% greater. | 


F, values after freezing and grinding in the cold 
The various tissue values as given in Table 1 are considerably less than those 
obtained after grinding at room temperature. Owing to the marked differences 
obtained the results from each tissue will be considered separately. 


TasLe 1. Average freezing-point depressions (7) for mammalian tissues (guinea-pig) ground at 
room temperature, or first frozen in liquid oxygen and then ground. 


Freezing-point depressions 
Ground at room temperature Frozen and ground 
No. of F,+8.8. No. of 
Tissue (°C) (° observations 
Liver 0-65 + 0-03 8 —0-5540-01 5 
Kidney 0-69 + 0-02 8 4-0-02 8 
Abdominal muscle 0-80 + 0-02 5 0-61+0-01 18 
Diaphragm 1-06 4 0-62 2 


Mean freezing-point depression for serum =0-55 40-005 (14). 


Liver. The mean value found for guinea-pig liver was 0-55 +0-01° C (s.z.) 
showing therefore no difference from the mean serum value of 0-55 + 0-005° C 
within the sampling error. Maintaining the ground liver mixture at 0° C for 
upwards of 60 min also caused no appreciable change. 

Kidney (guinea-pig). Table 2 summarizes fifteen results with guinea-pig 
kidney. Maintaining the ground mixture up to 24 min at 0° C showed no 
appreciable change, and from 24 min to upwards of 50 min the mean change 
was but little. The mean result within 24 min at 0° C after grinding was 


0-566 + 0-01° C, and thus showed no significant change from the plasma value. 
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Abdominal muscle (guinea-pig or rat). In marked contrast to liver and to 
guinea-pig kidney, a rapid increase of F, occurs after freezing, grinding and 
maintaining at 0° C. It will appear from Fig. 3 that the mean value of F, 
determined as rapidly as possible after freezing, grinding and mixing (taking 

about 4-5 min) will almost certainly give a figure somewhat greater than the 
value for zero time or that presumably corresponding to the living tissue. 
A better approximation, therefore, to the true in vivo value may be expected 
by extrapolating to zero time, and this would seem best done by way of a 
regression equation of F, against time (¢) based on the results under 20 min 
maintenance at 0° C after grinding and mixing. Up to this time the increase 


TaBLE 2. Average freezing-point depressions (F',) for the guinea-pig kidney, subsequent to freezing 
in liquid oxygen and grinding, then mixing with equal volume of saline (F,=0-57) and 
maintaining for different times at 0° C 


r No. of Mean F, 
Range Average § determinations (°C) 
0-6 4-7 3 0-55 
6-12 8-0 2 0-57 
12-18 14-0 2 0-55 
18-24 19-0 1 0-54 
>24 58-0 7 0-58 


The average J, after less than 24 min maintenance at 0° C=0-556+ 0-01. 


in F, is approximately linear. Such an equation has been obtained for 
fourteen corresponding sets of F, and ¢ for the abdominal muscle of the 
guinea-pig. The coefficient of correlation was + 0-88, the standard deviations 
being 0-0634° C and 3-84 min, and the means 0-651° C and 9-1 min respectively. 
The equation is therefore 

F,=0-0146¢ + 0-52. (5) 


When ¢ is zero, F, results as 0-52 + 0-02° C. 

The mean value is somewhat lower than that of the serum (=0-55 + 0-005), 
but the difference (—0-03 + 0-021) is not statistically significant. Assuming 
a range of three times the standard deviation to include all values that might 
be practically significant, the upper level amounts to about 5% above the 
mean plasma value. The thick line in Fig. 3 is drawn in accordance with 
equation (5). 

The diaphragm. Like the abdominal muscle, this shows a rapid increase in 
F, on maintaining the ground mixture in the cold. In about 12 min a level of 
0-72 is reached, and in about 35 min as high as 0-98° C. 

The rat kidney. Unlike that of the guinea-pig, the F, for the frozen and 
ground kidney mixed with saline and maintained at 0° C shows a rapid increase 
with time of maintenance. Fig. 4 gives the results of a series of observations 
on different animals. Here, as with the abdominal muscle and diaphragm, the 
average of the most rapidly determined F, values will be almost certainly 
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0 10 20 30 40 50 60 
Minutes at 0°C 
Fig. 3. Freezing-point depressions for abdominal muscle. The tissues were frozen and ground in 
liquid oxygen as described in text, the mixture being maintained at 0° C for varying times. 
Points joined in the diagram represent observations on the same tissue mixture. The thick 
line is from the regression equation (5) in text. The lower dotted line gives the mean blood 
level and the upper gives the mean level after grinding and mixing at room temperature. 


40 50 60 70 8s 

Minutes at 0°C 

Fig. 4. Freezing-point depressions for rat kidney, frozen in liquid oxygen and ground as described 

; in text, the conditions being the same as for Fig. 3. The thick line is from the regression 
equation (6) in text. . 
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higher than the true value for the tissue in vivo. Up to and including a main- 
tenance time of 21 min, sixteen observations have been made on the kidneys — 
of seven different animals. The correlation coefficient between F, and ¢ is 
+0°78; the standard deviations being 0-080° C and 6-04 min, and the means 
0-61° C and 13 min respectively. From such data the regression equation may 
be given as F,=0-0103¢ + 0-48. (6) 


At zero time F,= 0-48 + 0-027° C. This value of F, is somewhat lower than that 
of the serum (=0-507 + 0-006° C). However, the difference (— 0-027 + 0-028) is 
not statistically significant. The thick line in Fig. 4 is drawn from equation (6). 
‘The use of 01%, mercuric chloride as inhibitor of the rise of 
molecular concentration after grinding the frozen tissue 
The variability in determining the F, values for the tissue in vivo introduced 
by the rapid increase with time of maintenance at 0° C for such tissues as rat 


kidney and diaphragm can be much reduced by the use of mercuric chloride of 
the order of 0-1%, introduced in the saline used for mixing. ' 


Tas_z 3. Effect on F, values of maintaining the ground tissue mixture at 0° C, | 


when 0-1 % HgCl, is incorporated in the saline 
| Minutes at 0° C 
10 15 25 30 40 1 
F, values (°C). Mean F, 
Abdominal muscle 0-57 0-54 0-56 0-56 0-52 = 0-550 
on 0-53 0-54 0-56 055 O545 
Rat kidney | 0-52 — — _ 0-52 0-51 0-517 


The effect of HgCl, itself on the freezing-point of tissue mixtures was in- 
vestigated in a series of experiments with the abdominal muscle of the guinea- 
pig and also with the rat kidney. These tissues were frozen in liquid oxygen 
and ground as usual. A sample of the ground tissue was maintained at 0° C for 
60 min. Having reached a practically steady state one portion of the sample 
was mixed with an equal volume of 0-95 %, (w/v) NaCl containing 0-1 % (w/v) 
HgCl,, and another portion with an equal volume of 0-95% (w/v) NaCl. 

It was found that the presence of the small amount of mercuric chloride 
caused an increased depression of the freezing-point equivalent in the calcu- 
lated F, values to 0-03° C for the kidney and 0-02° C for the abdominal muscle. 
These relatively small corrections were then used in finding the F, values of the 
tissues to which the saline with mercury was added at once after grinding and 
maintained for different periods at 0° C. 

The results for guinea-pig abdominal muscle and diaphragm, as well as for 
rat kidney, are summarized in Table 3. It will be seen from the table that the 
mercuric chloride inhibits the increase of F, on maintaining the mixture at 
0° O. The mean of the nine values in Table 3 (up to 70 min standing) for the 
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abdominal muscle and diaphragm is-0-55 + 0-005° C or the same as that of the 

For the rat kidney the mean of the three observations up to 70 min was 
0-517, or about 2% higher than the mean serum value of 0-507, but this excess 
is not significant. In @ further series on rat kidney the mercuric chloride did 
not prevent the F, value from increasing, but in this experiment the freezing- 
point determinations of saline containing the mercuric chloride were variable 
and the results are somewhat doubtful. 


DISCUSSION 

From the above account it appears that using guinea-pig and rat as experi- 
mental animals the lowering of the freezing-point of water by the tissue 
solutes, regarded as in solution in the total tissue water, does not differ 
appreciably from that of the intercellular fluid. If an appreciable difference 
existed, it would be necessary then to allow for the intercellular fluid in the 
tissue in calculating the F, value for the intracellular water and hence the 
molecular concentration of the intracellular fluid. This correction, however, 
does not arise. 

After grinding tissues frozen in liquid oxygen and mixing with 0-95% 
sodium chloride there may be a marked increase in the F, values with the time 
of maintenance even at 0° C, but throughout the F, values were referred to _ 
total tissue water for the reason that intracellular water no longer exists as 
such on grinding the frozen tissues, whereas the total tissue water may still be 
regarded as a real figure. 

Some of the tissues examined, such as the liver and kidney of the guinea- 
pig, showed no appreciable change in the F, values on maintaining the ground 
mixture at 0° C up to about 30 min. Other tissues such as guinea-pig or rat 
diaphragm and abdominal muscle showed a rapid increase to values 50- 
100% above the normal or serum levels. Such rapid increase of solutes in the 
ground mixture even when maintained at 0° C appears to be quite in harmony 
with Robinson’s observations (1950) on slices of the renal cortex of the rat 
which were rendered anaerobic. Robinson has sought to interpret his findings 
of such rapid uptake of water by the hypothesis that there exists under 
normal average conditions a much higher molecular concentration within the 
cells than in the external fluid. This necessarily involves a continuous pumping 
out of water which is inhibited by cyanide or oxygen lack. The present 
experiments show that the normal intracellular concentration of the kidney 
as a whole does not differ significantly from that of the intercellular fluid. 

From his experiments with rat kidney slices and preliminary experiments 
on liver and diaphragm which behaved qualitatively in a similar way, 
Robinson, in a somewhat lengthy discussion, considered the extension of his 
hypothesis to the tissue cells. These in general, he thought, might have a much 
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higher concentration (50-100% higher) than that of the extracellular fluid. 
The cryoscopic experiments described above lend no support to such general- 
ization and show that within the sampling error involved (up to some few per 
cent of the mean values) the intracellular molecular concentration of tissue 
cells does not exceed that of the extracellular fluid. 

With respect to the osmotic relations of mammalian tissue cells to the 

extracellular fluid, account may be taken here of some recent experiments of 
Eggleton (1951). She injected intravenously into cats (with renal pedicles 
tied) 2 g of NaCl per kg using a 20%, solution. Urea was injected at the same 
time (1 g/kg). After 4 hr samples of blood were taken and the plasma analysed 
for chloride and urea, the results being compared with those of samples taken 
before the injections. Assuming urea to distribute itself freely in all the body 
water, then the volume of this water is given by the grammes injected divided 
by the increase in grammes per 100 ml. plasma water, the result being multi- 
plied by 100. The figure obtained was 63°, of the body weight. 
- She then writes with respect to the NaCl injection: ‘If the cell contents 
behaved osmotically as an “ideal” solution, the amount of water withdrawn 
would be such that the final concentration of chloride in the extracellular 
fluid would be the same as that which would have obtained if the chloride had 
penetrated freely into the cell contents.’ Thus the increase of chloride in the 
plasma water divided into the amount injected and multiplied by 100 could 
be expected to give 63°, of the body weight like urea. But in fact it gave 
only 49%. 

Various considerations were discussed for the apparent discrepancy, 
Robinson’s work and conclusions with large active excretion of water from the 
cells complicating ordinary osmotic exchanges being cited as affording a 
possible explanation. From the work described here, it is obvious that such 
an explanation is no longer tenable. With regard to the true reason for the 
difference found between the chloride figure for the body water (49% body 
weight) and that using urea (63%), it may be pointed out that the assumption 
contained in the above quotation from Eggleton (1951) is not justified. The 
true relation may be indicated as follows. The cells are considered to be 
impermeable (or virtually impermeable) to the injected substance. Then if 
this already exists in the extracellular water as « times the total moles of imper- 
meable substances therein, and if after injection the total molarity of these 
impermeable substances is increased to i times that before injection, and 
further if S represents the total water available for solution to the injected 
substance (calculated by the method of Eggleton) then it may be shown that 
S is given by the following relation 

(7) 
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where V, and V, are the volumes of the cellular and extracellular water 
respectively. (The derivation of equation (7) is given in the Appendix.) It is 
only when «= 1-0 that 8 is equal to the total body water. When, on the other 
hand, « is zero and the amount injected is relatively small so that + does not 
differ appreciably from 1-0, then S=V, or the volume of the extracellular 
water. The injection of thiocyanate (or perhaps better, of inulin) may be given 
as an example. 

When the injected substance is NaCl, then a is 0-73 (Conway, 1950a, 6). 
Expressing V, and V, as percentages of the body weight, then from Eggleton’s 
data for urea and for thiocyanate, V,=38°, of the body weight and V,=25% ; 
(V,+¥,), or the total body water, being 63%, so that equation (7) becomes 


63 
(8) 


- With the injection of 2 g NaCl per kg this means the addition of 68-4 m.osmole 
to 0-25 1. of extracellular fluid already containing approximately 77 m.osmole 
of solute material. The total of solute moles in the extracellular fluid is thus 
raised from 77 to 145-4, i.e, by 1-89 times. Putting in this value for + in 
equation (8), S=51-8% of the body weight which is very similar to Eggleton’s 
result, and some small refinements could be suggested in the calculation which 
would make the agreement a little closer. 

It follows then that the water or osmotic changes resulting from the in- 
jection of large amounts of NaCl into a cat with renal pedicles tied are in 
accordance with expectation on the basis of the virtual impermeability of the 
cells to NaCl, and the exchange of water following simple physical relationships. 
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SUMMARY 

1. A microcryoscopic method is described whereby multiple freezing-point 
determinations can be carried out on ground tissue samples as small as 
0-1-0-2 g. 

2. The average freezing-point depression of guinea-pig serum was found to 
be 0-55° C+0-005 s.2. (fourteen samples), whereas the freezing-point de- 
pressions (here designated F;) of various tissues of the guinea-pig and rat, 
ground at room temperature, ranged from 1-06 for the diaphragm to 0-65° C 
for the liver. 

3. Tissues first frozen in liquid oxygen immediately after excision, then 
ground to powder and mixed with an equal volume of 0-95° NaCl at 0° C, 
gave F, values of 0-61° C for the diaphragm and 0-56° C for the kidney. 

4. If the tissue-saline mixtures were maintained at 0° O, there was a rapid 
increase in the F, value. Extrapolation to zero time yielded values identical 
with that of serum. 


5. Sodium azide and monoiodoacetate incorporated in the saline had little 
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effect in delaying this increase in F, at 0° C, but mercuric chloride inhibited 
the rise for a relatively long time. The mean of twelve determinations on 


guinea-pig abdominal muscle and diaphragm gave 0-55 + 0-007 which does not 
differ significantly from the serum value. 
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APPENDIX 
Derivation of equation (8) in text, for the water space available to an injected substance with 
renal pedicles tied. Symbols used: 
N, = total number of solute moles in the cells which are non-diffusible or are held by electro- 
static forces. 
=total number of solute moles in the extracellular fluid, to which the cell walls are 
impermeable or which are held from penetrating appreciably into the cells by electro- 
static forces. 
¥, =litres of total water in the cells. 
V, =litres of water in the extracellular fluid. 
aN, =number of moles of a special kind (X) in the group N, in the extracellular water. 
iN, =new total in extracellular fluid due to the injection of the substance X, to which the 
cells are impermeable or virtually impermeable. 
N, (+ -1) =moles of X injected. 
iV. =new volume of extracellular fluid arising from the injection of X. 
The increase in concentration of X in the extracellular fluid is equal to 
aN.+(i-1)N, aX, 9 
| 
and the ratio (§) of injected substance (X) to its increase in concentration is given by 


S=N,(i-1) / 


(6-1) (10) 
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A relation between i and j may be derived from a consideration of osmotic equality across the 
cell membranes before and after injecting substance X. 
Thus 


(11) 
iN, N. 


From equations (11) and (12) 

Inserting the value of j in equation (10), there finally results 


8 (14) 
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HYDROXYTYRAMINE* AND THE ADRENAL MEDULLA 
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The adrenal medulla of most animals contains both adrenaline and noradrena- 
line. Although it is fairly certain that adrenaline is formed from noradrenaline 
by methylation, the exact way in which noradrenaline is produced in the body 
is still an open question. Recently, on the basis of paper chromatographic 
studies, Goodall (1951) claimed that hydroxytyramine (f-(3:4-dihydroxy- 
phenyl)-ethylamine), in addition to adrenaline and noradrenaline, is present in 
sheep adrenal glands, and that 3:4-dihydroxyphenylalanine (DOPA) is found 
in the glands of thyroidectomized sheep. These two substances may therefore 
be precursors of noradrenaline (Blaschko, 1942). It was decided to study this 
problem in greater detail, and extend it to other animals besides the sheep. 


METHODS 


Adrenal glands of the sheep, cow, ox, calf and pig were removed immediately after death at the 
slaughterhouse. The human material was secured from the post-mortem room as soon after death 
as possible and in many cases this was not more than 3 hr. It was possible in nearly half the 
specimens to separate the cortex from the medulla. Rabbits, cats and dogs were killed by a blow 
on the head or by a lethal dose of pentobarbitone, and their adrenal glands were removed as soon 
as possible. In these animals, six glands were needed each time for preparing medullary extracts. 

Cortical, medullary and whole gland extracts of the glands were prepared with 0-5-2 ml. 
0-01 x-HCl/g. After centrifuging, known volumes (usually 0-25-0-75 ml.) of the supernatants were 
precipitated with 4 vol. of ethanol. After further centrifuging, aliquots of the supernatants were 
evaporated to dryness at 45-50° C and the residues taken up in a small known volume (usually 
0-25 ml.) of 0-01 w-HCl. After centrifuging, the clear supernatants were assayed for their adrenaline 
and noradrenaline contents by paper chromatography and biological assay (Shepherd & West, 
1951). To estimate hydroxytyramine, a series of spots was closely applied to chromatography 
paper to form a continuous straight line. After chromatographing, the position of hydroxytyra- 
mine was located by development of a narrow vertical strip cut from the paper. The horizontal 
strip of paper containing the undeveloped hydroxytyramine was then cut out and the base eluted 


” Recently, Sir Henry Dale has suggested that hydroxytyramine be referred to as ‘dopamine’ 
in order to stress its chemical relationship to DOPA (cf. tyramine and tyrosine). 
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(4:1:5) and tanol-w-HCl were used as solvents to prove conclusively the presence of hydroxy- 
tyramine (see Table 1 for R, values). 

Solutions of ( - )-adrenaline, ( - )-noradrenaline bitartrate, hydroxytyramine hydrochloride 
(+)-dihydroxyphenylalanine in 0-01 »-HCl were used as controls. 


Tass 1. R, values of some possible precursors of adrenaline in two solvents 


DOPA 0-19 0-22 
Noradrenaline 0-28 0-16 
Adrenaline 0-36 0-21 
Hydroxytyramine 0-39 0-30 
TaBiz 2. Concentrations of adrenaline (Adren.), noradrenaline (Noradren.) 
and hydroxytyramine (OH-Tyr.) in the adrenal glands of various animals 
Whole gland 
Cortex Medulla nor. 
No.of -—— — adren. in 
Animal glands dren. Noradren. Adren. Noradren. OH-Tyr.  Adren. Noradren, total 
Sheep 38 100 40 2000 1600 350 500 . 250 33 
Ox 24 400 150 4000 1500 35 1200 420 26 
Cow a 400 200 4000 1250 17 1250 500 29 
Man 48 109 3 1260 314 0 224 34 14 
Pig 12 125 75 4000 4000 0 1090 1056 49 
Man (phaeo- 2 110 3280 96 
chromocytoma) . 
RESULTS 


In medullary extracts prepared from nineteen freshly killed sheep, hydroxy- 
tyramine was identified and estimated by running a second chromatogram of 
the eluted spot (Figs. 1 and 2). It represented about 9% of the total catechol 
amine content of the medulla (Table 2). A similar result was obtained on a 
whole gland extract of a freshly killed newborn lamb. Hydroxytyramine, how- 
ever, was not detected either in cortical or whole gland extracts of adult 
animals. It was also absent from further whole gland extracts secured from 
the Rowett Research Institute, Aberdeen. | 

In medullary extracts prepared from freshly killed cows and oxen (four and 
twenty-four glands respectively), hydroxytyramine was identified although it 
represented only 0-3-0-6% of the total catechol amine content. It was not 
detected in the corresponding cortical and whole gland extracts. In addition, 
it was not found in medullary, cortical, or whole gland extracts prepared from 
pigs, dogs, cats, rabbits and adult human material. 

Hydroxytyramine was absent from two extracts of phaeochromocytoma 
(although over 95% of the total catechol amines in each case was noradrena- 


: with the minimum volume (usually 0-5 ml.) of 0-001 x-HCl. The eluate was applied to # fresh 

| paper and re-chromatographed alongside standard solutions of hydroxytyramine. It was thus 

; possible to estimate the hydroxytyramine content by comparing the intensity of the resulting k 

: spot with those of the standard solutions. In all cases, the first chromatograms were developed | 
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line) and from extracts of Organs of Zuckerkandl containing noradrenaline but. 
no adrenaline (Hunter, Shepherd & West, 1952). It was not found in extracts 
of glands of calves, kittens, young rabbits and babies all of whose adrenals 
contain more noradrenaline than adrenaline (Shepherd & West, 1951). 

In no case was DOPA detected in the above extracts. 


Fig. 1. Paper chromatogram. Solvent: butanol-acetic acid-water (ascending method). 48 hr at 
room temperature. Adrenaline, noradrenaline and hydroxytyramine are present in adrenal 
medullary extracts of the sheep, but hydroxytyramine is absent from human medullary 
extracts. 


Adrenaline Eluate OH-Tyramine 
(sheep) 


Fig. 2. Paper chromatogram. Solvent: butanol—acetic acid—water (ascending method). 48 hr at 
room temperature. Eluate of hydroxytyramine area from undeveloped chromatogram of 
sheep medullary extract re-chromatographed between standard adrenaline and hydroxy- 
tyramine solutions. 
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DISCUSSION 


We have confirmed that hydroxytyramine is a normal constituent of adrenal 
medullary tissue of the sheep and have shown that it is also present in cows 
and oxen. The evidence supports the suggestion that this substance may be 
a precursor of noradrenaline in the body. In his scheme for the biosynthesis 
of adrenaline, Blaschko (1942) postulated three enzymic steps, and it is pos- 
sible that the corresponding enzymes of each species are not the same; for 
example, the DOPA-decarboxylase of the sheep may not be identical with that 
of the ox. This may account for the variation in the relative amounts of 
hydroxytyramine, noradrenaline and adrenaline in different species (Table 2). 

It is of interest that hydroxytyramine was not detected in the medullary 
extracts of the pig or of normal man or of cases of phaeochromocytoma. It 
must be stressed, however, that hydroxytyramine yields a visible colour with 
potassium iodate only when more than 4g are concentrated in one spot, so 
that the sensitivity of the method may be the limiting factor and the reason 
it has not been found in medullary extracts other than those of sheep and 
cattle. 

The possibility also exists that the method of production of adrenaline and 
noradrenaline may not be the same in all animals. It is already known 
(Erspamer & Boretti, 1951) that noradrenaline can be formed by the action 
of mushroom juice or of ultra-violet light on norsynephrine (8-hydroxy-f- 
(4-hydroxyphenyl)-ethylamine), an amine occurring naturally in the salivary 
glands of the octopus. Other possible precursors of noradrenaline are epinine 
(N-methyl-8-(3: 4-dihydroxypheny])-ethylamine) and dihydroxyphenylserine 
(a-amino-8-hydroxy-f-(3:4-dihydroxyphenyl)-propionic acid), and we have 
paid particular attention in the chromatographic work to checking that they 
are absent. 

SUMMARY 

1. Hydroxytyramine has been identified in the adrenal medulla of the sheep, 
ox and cow. It was not detected in medullary extracts of adult pig, dog, cat, 
rabbit and man, nor was it found in the embryonic tissue of the cow, cat, 
rabbit and man. 

2. The presence of hydroxytyramine bears no relationship to the total or 
relative catechol amine content of the adrenal medulla. It is suggested, there- 


fore, that hydroxytyramine may not be the immediate precursor of nor- 
adrenaline in all the species tested. 


We wish to record our thanks to Dr A. T. Phillipson of the Rowett Research Institute, Aberdeen, 
for sheep glands, to Dr M. Goldenberg of Columbia University for supplying the phaeochromo- 
cytoma extracts, and to Prof. A. C. Lendrum and members of the Pathology Department of the 
University for the human glands. We are also grateful to Mr W. Cameron for photographing the 
developed chromatograms. 


% 
t 
: 


— 


HYDROXYTYRAMINE AND THE ADRENAL MEDULLA 19 


REFERENCES 
BiasonKo, H. (1942). The activity of 1(-)-dopa decarboxylase. J. Physiol. 101, 337-349. 
Ersramer, V. & Borertt, G. (1951). Identification and c 


haracterization, chromato- 
graphy, of ine, histamine and allied substances in extracts of 


McC. Studies on adrenaline and noradrenaline in heart and suprarenals. Acta 
physiol. scand. 24, Suppl. 85. 


D. M. & West, G. B. (1952). Organs of Zuckerkandl. J. Physiol. 
116, 


Suernznp, D. M. & Wust, G. B. (1951). Noradrenaline and the suprarenal medulla. Brit. J. 
Pharmacol. 6, 665-674. 


2-2 


* 
| 


J. Physiol. (1953) 120, 20-27 


THE EFFECT OF QUININE ON THE HISTOCHEMICAL 
DEPHOSPHORYLATION OF RIBONUCLEIC ACID IN 
THE TISSUES OF THE RAT AND RABBIT 


By A. F. BARADI anp G. H. BOURNE 
From the Department of Histology, London Hospital Medical College, 
London, E.1 


(Received 17 June 1952) 


Some details of the histochemical dephosphorylation of ribonucleic acid have 
been given by previous authors; Gomori (1948), Newman, Fiegin, Wolf & 
Kabat (1950), Baradi & Bourne (1951). The enzyme responsible in both rat 
and rabbit has been described as being localized mainly in the nuclei of the 
cells of some organs and in the cytoplasm of the cells of some others. Some 
of the descriptions (e.g. localization of the reaction in brush borders) suggest 
that the reaction is not completely specific. The present work deals with the 
distribution of the histochemical reaction for this enzyme in different organs 
and tissues of the rabbit and rat, and gives details of the unexpected effects 
of adding a small quantity of quinine to the substrate mixture. 


METHODS 


Nineteen different organs of rabbit and rat were used. Immediately after death 2 mm thick slices 
of these organs were fixed for 17 hr in 85% (v/v) ethyl alcohol in a refrigerator. Dehydration was 
effected by three changes of absolute alcohol at room temperature over a period of 24 hr. Clearing 
was in two changes of methyl benzoate for about 12 hr, each followed by two 15 min changes of 
benzene. Embedding in wax was carried out at 58° C for the first 30 min in a mixture of 50% 
benzene and 50% paraffin wax followed by three changes of 56° C melting-point paraffin wax of 
30 min each. Sections were cut at 7 « and were dried on to slides for 3 hr in an incubator at 37° C. 
After bringing to water in the usual way the sections were incubated at 37° C for 17 hr in the 
following substrate solution: 2% (w/v) sodium barbitone, 10 ml.; 2% (w/v) yeast nucleic acid, 
10 ml, (ribonucleic acid); 2% (w/v) calcium chloride, 5 ml.; 2% (w/v) magnesium sulphate, 
2 mil.; distilled water to make 50 ml. The pH of this mixture was 9-2. 

Following incubation the slides were treated with cobalt chloride and ammonium sulphide as in 
the Gomori method for alkaline phosphatase. Sites of enzyme activity were demonstrated black 
by this technique. 

A second substrate solution was also used. In this quinine hydrochloride, dissolved in a few 
drops of alcohol, had been added, to make a concentration of 0-5%. Tissues incubated in this 
substrate were treated in exactly the same way as those passing through the control substrate. 
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RESULTS 


During an investigation into the localization of various enzymes in the papillae 
foliatae of the rabbit (Baradi & Bourne, 1951), it was found that the addition 
of quinine hydrochloride to the substrate used for demonstrating the de- 
phosphorylation of ribonucleic acid caused a remarkable increase in the 
reaction. This led us to study the effects of quinine on this reaction in other 
organs of both rabbit and rat. 

Papilla foliata. The only regions giving a positive reaction for this enzyme 
were the small areas of epithelium immediately overlying the various taste 
buds (Pl. 1, fig. 1). 

The addition of quinine to the substrate caused a great increase in the 
reaction. It was found to be present in all the cells of the epithelium lining the 
gutters between the papillae, the nerve plexuses underlying the epithelium, 
and Ebner’s glands lying beneath the papillae (Pl. 1, fig. 2). 

Inver. Quinine caused, in the normally negative liver of the rabbit and rat, 
& positive reaction in the nuclei and cytoplasm of the hepatic cells and the 
endothelium of the blood vessels and sinusoids (PI. 2, figs. 7, 8). 

Kidney. There was a slight general reaction by the whole kidney in the 
rabbit, but it was concentrated mainly in the cortex. The reaction was diffused 
through the whole of the cell in the different regions of the kidney, the excep- 
tion being those of the proximal convoluted tubules in which the nuclei were 
strongly positive. Other workers have recorded a concentration of the reaction 
in the brush borders of the proximal convoluted tubule cells, but we have 
found only a slight concentration, not comparable with that found with 
glycerophosphatase. 

With quinine an enormous increase of enzyme activity in all sites was 
obtained. The medulla remained unchanged, but there was a great increase 
in the cells lining the pelvis and the ureter. 

In the kidney of the rat there was a similar distribution of enzyme activity 
which was only slightly increased by quinine. In this animal the quinine 
caused the nuclei of the medullary cells to become positive. 

Lung. A very faint reaction was given by nuclei and cytoplasm of most of 
the cells present in the rabbit lung. With quinine there was a considerable 
increase in the staining of all nuclei, the endothelium of the blood vessels and 
the epithelium of the bronchi. A similar result was obtained for the rat. 

Heart muscle. This gave, in the rabbit, a very faint general reaction (PI. 1, 
fig. 5). Quinine caused the nuclei of the fibres and the endothelium of the 
blood vessels to become much more stained (PI. 1, fig. 6). In the rat the heart 
muscle appeared almost unstained but quinine produced a reaction in the nuclei. 

Skeletal muscle. This was negative in both the rabbit and rat, and quinine 
had no effect. 
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Oesophagus and trachea. In the rabbit and rat both these structures were 

faintly positive and the reaction was slightly increased by the addition of 
uinine, 

i Stomach (fundus). The only positive reaction in the rabbit’stomach was 
given by the capillary endothelium and a few connective tissue nuclei. 
Quinine had little effect on the reaction in this tissue, only the surface 
epithelium and some of the nuclei of the gastric glands becoming slightly 
positive. The rat stomach was negative but with quinine all nuclei in the 
section became positive. A reaction was also found in the cytoplasm of the 


deeper cells of the stomach glands and in the smooth muscle layers and 


Auerbach’s nerve plexus. 

Duodenum. The epithelium, including the brush border, and the distal part 
of the cytoplasm of the cells, the smooth muscle and some nuclei of the cells in 
the lamina propria gave a positive reaction in the rabbit and rat duodenum. 
Brunner’s glands were negative (Pl. 2, fig. 13). 

With quinine there was a general increase of the reaction in all the sites 
where it normally occurred except in the nuclei of Brunner’s glands (PI. 2, 
fig. 14). 

Jejunum. The reaction in the jejunum was similar to that in the duodenum. 
With quinine there was a general intensification of enzyme activity. The 
nuclei of the epithelial cells and the connective tissue cells of the lamina 
propria showed intense activity. The distal half of each villus was more positive 
than the proximal half. In the rat without quinine the villi showed signs of 
enzyme activity. In the epithelial cells of the villus the reaction was dis- 
tributed in the nuclei, in the brush borders and in the distal third of the cyto- 
plasm. Fine black granules were present in other parts of the cells. After 
quinine everything became positive including nuclei and cytoplasm of all cells, 
the smooth muscle layers and Auerbach’s nerve plexus. 

Rectum. A very faint general reaction was present in the rectum of the 
rabbit (negative in the rat). With quinine the superficial epithelial cells in 
both species showed signs of considerable enzyme activity, and in some cells 
this could be seen particularly well in the brush border and distal part of the 
cytoplasm. Deep positive staining of the nuclei of the connective tissue cells 

of the lamina propria was also present. 

Spleen. The whole organ in both rabbit and rat showed slight general 
enzyme activity with the centres of the Malpighian corpuscles particularly 
active, both the nuclei and cytoplasm of the constituent cells in this region 
staining intensely. The fibroblast cells in the capsule and the media of the 
small vessels and the nuclei of isolated cells in the white pulp were also 
positive. 


With quinine the enzyme activity of the whole ‘Malpighian ay was 
greatly increased. 
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Pancreas. No reaction was found in the rabbit pancreas either with or 
without quinine. The acinar cells of the rat pancreas gave a slight positive 
cytoplasmic reaction, and with quinine this was increased, and was ciffaned 
in both cytoplasm and nuclei. 

Thyroid. There was a slight reaction in cytoplasm and nuclei of all cells in 
rabbit and rat thyroid. The colloid was negative. With quinine there was 
a great increase in the cellular reaction and the colloid became strongly 

itive. 

Adrenal. The capsule and the zona glomerulosa of the rabbit adrenal were 
negative. A faint positive reaction was given by the outer zona fasciculata 
cells and this reaction became progressively greater towards the medulla, the 
zona reticularis showing intense activity. The medulla gave an intermediate 
positive reaction. In the cortical cells the reaction was diffuse and was present 
in both nuclei and cytoplasm and it increased progressively towards the 
medulla. In the zona reticularis, however, the nuclear reaction was much 
greater tlfan that of the cytoplasm. 

With quinine the capsule and the zona glomerulosa became positive, equal 
in intensity to that of most of the zona fasciculata. Patches of more deeply 
staining cells were present in the latter zone and there seemed to be an increase 
in the reaction between and around the cells, in the walls of the sinusoids. The 
reaction in both the zona reticularis and the medulla had become even 
stronger, particularly in the former, between and around the cells. In the 
zona reticularis the nuclei and cytoplasm contained numerous fine positive 
granules and nuclear membranes. In the rat the adrenal was almost negative, 
but with quinine a considerable positive reaction was given by the zona 
glomerulosa and capsule and a slight one in the medulla. Moderate activity 
was also present in the other cortical zones. The reaction was mainly diffuse 
but, in addition, fine granules were present in most cells. 

Vas deferens. Only very faint reaction could be detected in the oolthaliats 
of this organ in the rabbit (Pl. 1, fig. 3), but after quinine the epithelium 
became intensely positive (Pl. 1, fig. 4), particularly in the distal portions of 
the cells. The nuclei of the cells of the lamina propria also showed considerable 
activity. A similar result was given by the vas deferens of the rat with the 
addition that quinine also caused a positive reaction in all nuclei and in the 
endothelium of capillary vessels. 

Epididymis. The rabbit epididymis showed strong reactions in the epi- 
thelium and lamina propria. The distal part of the cytoplasm of the epithelial 
cells was more stained than the cilia. The stroma also gave a good reaction and 
so did the spermatozoa in the tubules. After quinine there was a great increase 
in the reaction of all positive areas. 

Testis; All parts of the testis, including the Leydig cells, in the rabbit and 
rat were intensely positive. The reaction was mainly diffuse but was partly 
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granular as well. The nuclei of the sperm heads gave an extremely positive 
reaction. The reaction in all areas was greatly increased by the addition of 

The sex organs of some female rats were examined. 

Uterus. This gave practically no reaction, but with quinine all the nuclei in 
the section became positive and so did the distal margins of the epithelial cells. 
Leucocytes present in the epithelium were negative. 

Fallopian tube. There was very little reaction in the Fallopian tube (PI. 2, 
fig. 11), but with quinine all nuclei became positive and all the tissues which 
make up the wall of the tube gave a diffuse reaction (Pl. 2, fig. 12). 

Ovary. Practically all varieties of cells in the ovary showed a moderate 
degree of activity which was mainly diffuse, but fine positive granules were 
present as well in both cytoplasm and nuclei. With quinine the nuclear 
reaction was increased both in intensity and in the numbers of nuclei giving 
& positive reaction. This was particularly so in the case of the theca cells. In 

addition the walls of large blood vessels and the stroma also showed activity. 

Salivary glands. Serous and mixed salivary glands of the rat were negative 
(Pl. 2, fig. 9), but with quinine the connective tissue around the ducts and 
acini became positive. The nuclei and, to a lesser extent, the basal cytoplasm 
of the acinar cells as well as the nuclei and cytoplasm of the duct cells also 
showed activity (Pl. 2, fig. 10). 

Thymus. A faint reaction was given by the nuclei of the rabbit thymus. 
Hassall’s corpuscles were negative. Quinine had no effect on the reaction in 
this organ. 

Lymph node. A lymph node from a rabbit showed a positive reaction in 
a*few nuclei and with quinine there was some intensification. 

Skin. A positive reaction was found in the cornified layer of the epithelium 
and in the hair follicles of the rabbit skin and in the nuclei of connective 
tissue cells. With quinine there was a slight intensification of the reaction in 
the first and last sites and a great increase in that present in the hair follicles. 


DISCUSSION 


Generally speaking, the distribution of the reaction in untreated tissues was 
similar to that recorded in earlier literature (Gomori, 1948; Newman et al. 
1950). The distribution is similar in comparable rat and rabbit organs, although 
more rat organs appear completely negative, whereas the corresponding rabbit 
organs show a slight positive reaction. The outstanding exception is that of the 
adrenal. In the rat the adrenal is almost negative, whereas in the rabbit only 
the outer zones are negative, the inner zones giving an intense reaction. 
Quinine either has no effect on these reactions or else it intensifies the 
positive reaction and causes it to become more widespread. It has no inhibitory 
effect in any organ. Only in three organs is there much difference in the two 
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species in the degree of intensification which quinine exerts upon this reaction. 
These are the kidney, the stomach and the rectum. In the first of these 
quinine causes a considerable increase in the reaction in the rabbit kidney but 
only a slight increase in that of the rat kidney. In the second, quinine causes 
only a slight increase in the fundus of the rabbit stomach but greater increase 
in that of the rat. In the third there is a slight increase in the reaction in the 
rabbit rectum but a moderate increase in that of the rat. Knowing, however, 
how capricious histochemical tests can be, we feel that even these differences 
may be attributed to technical variation. 

It is of interest that although in many organs the increase of positive 
reaction due to quinine occurs in both cytoplasm and nucleus, in other organs 
the increase in the nuclear reaction is the sole or the main effect of the quinine. 
In some organs quinine has little or no effect on the reaction; these are: 
skeletal muscle, oesophagus, pancreas, lymph node and thymus. In general 
the greatest intensification is apparent in those organs which already give 
a strong reaction. 

The exception to this statement is the papilla foliata of the rabbit where the 
initial reaction is very small and the increase, due to the influence of the 
quinine, is phenomenal. 

The reaction of quinine on the dephosphorylating reaction differs from its 
well-known biochemical effect on esterases and also from the histochemical 
effects we have observed on simple esterase and on enzymes which split 
other phosphate esters. In the case of all other histochemical reactions where 
it has any action at all, this is inhibitory. 

It becomes necessary at this point to consider whether this intensifying 
effect is due to a real interference with enzyme/substrate reaction or whether 
it is due to some technical freak. Factors which influence histochemical tests 
for phosphatase enzymes have been discussed by Gomori (1950), Danielli 
(1946), Doyle (1953), Cleland (1950), and others. 

It has been shown, for example, that method and time of fixation, dehydra- 
tion and time and temperature of embedding all affect the reaction. These, 
however, were standardized in the present work, and in any case it would be 
an impossible coincidence for the reaction to be virtually inactivated by any 
of these means in all control slides, and not affected in all slides treated with 
quinine. The most‘likely technical effect therefore is some direct interference 
with the reaction during incubation. The fundamental process which takes 
place during incubation is the splitting off of phosphate, its combination with 
calcium and deposition as a calcium salt at the site of enzyme activity. This 
process can be affected by altering the pH which not only moderates enzyme 
activity but also affects the precipitation of calcium phosphate. The pH was, 
however, quite unaffected by the amount of quinine used in this work. The 
temperature and time of incubation affect the reaction, but these were 
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standardized in this work. Doyle (1953) has pointed out that random currents 
in the substrate during incubation can affect the result, but in this case the 
consistency of the activity of the quinine makes it unlikely that the results 
obtained would be due to such a cause. 

The most important argument against the activity of the quinine being due 
to its effect on the formation or deposition of calcium phosphate, is the fact 
that in the histochemical demonstration of other phosphatases, the addition of 
quinine to the substrate either has no effect at all (yeast adenylic acid and 
adenosinetriphosphate) or has an inhibitory action (muscle adenylic acid and 
B-glycerophosphate). There is a possibility that quinine may facilitate the 
penetration of the substrate into the cells, but we feel that the most likely 
explanation of the results offered in this paper is that it affects the enzyme/ 
substrate reaction. Whether it does this by affecting the enzyme or co-enzyme, 
or by combining with the substrate so that it is more easily split by the enzyme 
we do not know, although the latter seems the more acceptable explanation. 
Nor is it known whether quinine would affect the splitting of ribonucleic acid 
by purified extracts of the enzyme. This has not been tried because, although 
our histochemical preparations can be regarded as a type of artifact, we feel 
that a purified enzyme extract is also an artifact. A result with one artifact 
would not necessarily be of any significance as far as any other artifact is 
concerned. 

We do not know whether quinine would accentuate the activity of the 
enzyme in living tissue or not, but we believe that our results nevertheless 
may prove of some interest. | 

SUMMARY 


1. The addition of quinine hydrochloride to the substrate mixture has been 
found to intensify the histochemical reaction for the dephosphorylation of 
ribonucleic acid in the papilla foliata, liver, kidney, lung, heart, alimentary 
tract, spleen, trachea, thyroid, adrenal and male sex organs of the rabbit, 
and in the liver, kidney, lung, heart, alimentary tract, adrenal, salivary 
glands and female sex organs of the rat. 

2. In general the rabbit tissues were more affected than the rat tissues by 
the addition of quinine. | 

3. In many tissues of both animals, nuclei which had been previously 
negative gave a strong positive reaction in the presence of quinine. 
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EXPLANATION OF PLATES 
Pirate 1 


Fig. 1. Reaction in papilla foliata of the rabbit’s tongue. There is a strong positive reaction in 
epithelium just overlying the taste buds. | 


Fig. 2. Reaction in papilla foliata of the rabbit's tongue after adding quinine to substrate 
mixture. All the cells of the epithelium lining the gutters between the papillae are positive; 
so are the nerve plexuses underlying the epithelium and the glands of Ebner. 

Fig. 3. Reaction in vas deferens of the rabbit. A faint positive reaction is given by the 
epithelium of the mucosa. 


"Fig. 4. Resotion in vas deferens of rabbit after adding quinine to substrate mixture. The 


epithelium becomes more intensely positive than in Fig. 3. 
Fig. 5. Reaction in cardiac muscle fibres of the rat. Negative reaction. 


Fig. 6. Reaction in cardiac muscle fibres of rat after adding quinine to substrate mixture. 
There is a strong positive reaction in the nuclei and a diffuse positive reaction in the fibres. 


PLaTE 2 
Fig. 7. Reaction in liver of the rabbit. Almost negative. 
Fig. 8. Reaction in liver of the rabbit after adding quinine to substrate mixture. A positive 


reaction is given by the nuclei and cytoplasm of hepatic cells and by the endothelium of 
blood vessels. 


Fig. 9. Reaction in mixed salivary gland of the rat. There is a faint positive reaction in connective 
tissue surrounding the acini and in nuclei and cytoplasm of acini and ducts. 


Fig. 10. Reaction in mixed ealivary gland of the rat after adding quinine to substrate mixture. The 
reaction is in the same sites as in fig. 9 but more dense. 


Fig. 11. Reaction in Fallopian tube of the rat. A faint reaction is given by the epithelium of 
the mucosa and the nuclei of the cells of the lamina propria. 


Fig. 12. Reaction in Fallopian tube of the rat after adding quinine to substrate mixture. 
Reaction is in the same sites as fig. 11 but much intensified. 

Fig. 13. Reaction in duodenum of the rabbit. Faint positive reaction is given by brush border 
of the epithelium, by the distal portion of epithelium in some cases and by nuclei of 
lamina propria and Brunner’s glands. 


Fig. 14, Reaction in duodenum of the rabbit after adding quinine to substrate mixture. The 
reaction is increased in all sites shown in fig. 13 except in nuclei of Brunner’s glands. 
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THE ELECTRORETINOGRAM OF THE DOG 


By H. B. PARRY, KATHARINE TANSLEY anv L. C. THOMSON 


From the Canine Research Station of the Animal Health Trust, Newmarket, 
and the M.R.C. Group for Research in the Physiology of Vision, 


Institute of Ophthalmology, London 
(Received 7 July 1952) 


The Red Irish Setter breed is affected with a hereditary retinal degeneration 
known as progressive generalized retinal atrophy (Hodgman, Parry, Rasbridge 
& Steel, 1949; Parry, 1953a, b), at one stage of which the rods become atrophic 
leaving a functional pure cone retina. It was thought that examination of the 
electroretinogram of dogs at this stage of the disease might yield interesting 
information on the role of the cones in the clinical electroretinogram. More- 
over, it is of economic importance to be able to diagnose the atrophic condition 
in puppies at an early age, and since the clinical diagnosis cannot be made with 
certainty until the animal is some months old, it was suggested that measure- 
ment of the electroretinogram might prove a good objective method of making 
the diagnosis. During the experiments undertaken to establish this diagnostic 
test it was noticed that the electroretinogram of dogs differed from that 
normally obtained from other mammals, and the present work reports an 
investigation of this difference. 
METHOD 

General procedure. The dogs were kept at the Canine Research Station near Newmarket and 
brought to London on the morning of the experiment, They were first allowed to dark adapt for 
30-45 min and then the anaesthetic was given by injection, by torch-light. The electrical records 
were made and the animals returned to Newmarket in the evening. 

Electrical apparatus, The electrical recordings were made with a direct-coupled amplifier in 
which one stage possessed a variable a.c. coupling with which the overall time constant of the 
apparatus could be changed. Time constants between 30 sec and a few msec could be obtained 
by rotation of a switch. The potentials were displayed on one beam of a double-beam cathode-ray 
tube; the other beam being used for the time tracing and record of the stimulus. The electro- 
retinogram is a potential developed between the inner and outer surfaces of the retina. These 
positions would be ideal for the two recording electrodes, but since no damage to the dog was 
allowable, the electrodes were placed on the eye and head in positions approximating to the ideal. 
The electrodes consisted of a pair of cotton-wool tufts soaked in 0-85 % (w/v) NaCl and pulled out 
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to a fine point. The active electrode was placed in the centre of the cornea and the indifferent one 
between the two eyes on a shaved area of the dog's forehead, the surface of the skin being first 
covered with a conducting jelly. The fluid surface tension kept the active electrode in position and 
the finer the cotton-wool bridge the greater was the freedom from electrical disturbances due to 
movements of the animal in breathing. Specula were used to keep the eye open. The electrodes 
were connected to a double-sided cathode-follower unit which was then connected to the input 
of the amplifier. The input impedence of the follower system was greater than 1000 MQ at 1000 o/s. 
The ‘tail’ of the cathode follower was connected to a further saline-soaked cotton-wool tuft placed 
in a fold of the animal’s ear in contact with the bare skin. Normally a time constant of 3 sec 
was used, an increase of time constant to 30 sec making only a small difference to the result. The 
animal was slung abdomen downwards in a cradle made of chair-webbing, a device which gave the 
dog extra comfort and so enabled records to be obtained from the eye during light anaesthesia. 

The optical system. The optical system is fully described elsewhere (Thomson, 1953). In the 
studies using white light the source was 6 V, 15 A ribbon-filament tungsten lamp. The light from 
the system passed through a louvre shutter and was brought to a focus in the plane of the pupil 
_ by a 14 in. focal length lens. This lens was thus viewed by the animal in Maxwellian view and 
would appear evenly filled with light. The image of the light source lay fully within the pupil 
aperture which was maintained at a fixed diameter with atropine. The size of the image in the 
pupil was approximately 3 x 1-5 mm and the angle subtended by the lens at the eye was 8° 30’. 
The full luminance of the test flash was 182,000 foot-lamberts (ft. L), and it was usually exposed 
for periods of about 1 sec, the actual length of flash being recorded on each record by illuminating 
a photocell with light from a small bulb, this illumination being synchronized with that of the eye 
by the shutter. The luminance of white usually employed was 57,000 ft.L. The shutter was 
electronically controlled and could be synchronized with the sweep of the base. 

For the studies with monochromatic light the lens system was illuminated with monochromatic 
light from a Wright spectroscope (1946). Sufficient intensity was obtained by using as light source 
a G.B.-Kalee Cinema Lamp, which is a high-intensity arc light. The relative energy of the whole 
system was calibrated with an R.C.A. 931 A photocell as described by Thomson (1949), and the 
rest of the calibration was in accordance with that given by Wright (1946). The maximum brightness 
of the light at wave-length 500 mp was 2066 ft.L. Fluctuations in the brightness of the light in 
the arc source were of the order of 10%, and in making the measurements the sensitivity of the 
animal and constancy of the light source were repeatedly checked by referring back to wave- 
length 500 my. The luminance of the two sources was measured by obscuring half the area of the 
14 in. lens with a magnesium oxide surface illuminated by a secondary lamp and equating the 
luminance of this surface with that of the lens when both were viewed through a pupil 1 mm in 
diameter, The ori the magnesium oxide surface due to the secondary lamp was then 
measured with a barrier layer photocell and galvanometer. 

Management of the dogs. The dogs were kept in isolated kennels housing 50 to 100 dogs. They 
were fed on a mash of cooked horse and whale meat which was used to steep a finely ground cereal 
mixture made up of oats (8 parts), wheat (2 parts), barley (1 part), dredged corn containing peas, 
beans and vetches (2 parts) and dried Lucerne meal (} part), to which small quantities of blood 
fibrinogen, whey concentrate, bone-meal and cod-liver oil were added. The ration provided about 
80-100 keal/kg body weight per day and allowed 250-300 g of meat per day to the adult dogs. - 

The general health of the dogs in these kennels has been closely watched and was good, apart 
from a few who suffered from a mild form of canine virus hepatitis (Parry & Larin, 1951). Two 
small epidemics of leptospiral jaundice occurred, but there were no grounds for associating either 
of these infections with the development of negativity in the electroretinogram. Post-mortem 
examination of most of the animals used revealed no abnormalities either of the bony canals or 
optic foramina and, apart from the progressive retinal atrophy present in the strain, the dogs 
could be considered normal (Parry, 19535). 

All dogs in which the disease appeared to be absent and which gave ‘normal’ electroretino- 
grams were, in fact, genetically carriers of the disease, i.e. they were heterozygotes. It was not 
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possible to obtain a Red Irish Setter whose genetics were known with such certainty as to be sure 
that it did not contain the affected gene. 

Substantially similar results to those obtained on normal Red Irish Setters have been obtained 
from Terrier, Collie, Greyhound and Afghan Hound crosses, although these latter dogs have not 
been investigated in the same detail as the Red Irish Setters which form the main subject of the 


" ealleadbail It was difficult to obtain immobility of the skeletal muscles without producing 
rotation of the eye-ball downwards and forwards. With full anaesthetic doses of pentobarbitone 
sodium and thiopentone a serious irreducible rotation occurred. However, it was found that pre. 
medication with 10 mg/kg of 3-diethylamino-] : 1-di(2: 1-thienyl)but-l-ene hydrochloride sub- 
cutaneously, followed 20-40 min later by 60-70 mg/kg of mephenesin (myanesin) and 15 mg/kg 
of phenobarbitone sodium given intravenously gave satisfactory restraint for upwards of | hr. 

Procedure. Following the injection of the anaesthetic the dog was brought to the operating 
table and made comfortable in the sling system. Eyeball rotation was minimized if the head of 
the dog looked slightly downwards and forwards. The electrodes were put in place with the aid 
of a cycle lamp with an Ilford spectrum red filter which was known to have a negligible effect on 
the potential. The light beam was centred in the pupil in a similar way, the white source being 
reduced in brightness and an Ilford spectrum red filter interposed in the beam. The corneal 
reflexion from the dog was then easily visible. Thus initial dark-adaptation was not destroyed by 
the manipulative procedures and records of the electroretinograms could be taken at once. The 
_ period between records was not less than 5 min, during which time the animal remained in the 
dark except for a small 15 W red bulb which provided general illumination for the operating table. 
The torches used while giving the anaesthetic injection were white but were carefully screened 
from the eyes. 


RESULTS 

| Electroretinogram of normal dogs 
The results for Red Irish Setters are shown in Fig. 1 compared with the 
potentials measured with a similar technique on rabbits. The upper three pairs 
show the importance of having a sufficiently long time constant in the 
amplifier if the slow potentials are to be accurately recorded. For the first pair 
the time constant is 30 sec, the second 3 sec and the third 0-5 sec. Positive 
potentials are recorded upwards and in both dogs and rabbits the record 
begins with the ordinary positive b-wave followed in dogs by a prolonged 
negative wave which replaces the normal positive c-wave of other mammals. 
In the lowest pair of tracings the details of the b-wave in both dog and rabbit 
are shown with a faster sweep. 

Since Karpe (1945) has shown that in man the electroretinogram may 
develop a negative phase by reason of the reflex contraction of the iris muscle, 
it was essential to demonstrate that the negativity in the dog had not a 
similar cause. Karpe was able to eliminate the iris negativity by measuring 
the potential with an electrode inserted into a contact lens. A similar technique 
applied to the dog did not change the shape of the electroretinogram, as can 
be seen from Fig. 2c. Further proof that the negative potential in dogs is not 
due to reflex activity of the muscles within the eyeball was obtained by 


measuring the electroretinogram both before and after intracranial division 
of the optic nerve (Fig. 2a and 6). 
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Fig. 1. A comparison of the electroretinogram of Red Irish Setter and rabbit. The upper tracing 

in each record gives the electroretinogram and the lower, the time mark. The light is ‘on’ 

Py when the time tracing is displaced upwards. Time constant: Ist pair 30 sec, 2nd pair 3 sec, 

3rd pair 0-5 sec, 4th pair gives details of the b-wave. The records show that the normal 

positive c-wave of rabbite’is replaced by a negative potential in dogs. Time mark: upper 
three pairs 0-5 sec, lowest pair 20 msec. Calibration: 50 uV. 


Fig. 2. @ and 6: electroretinogram of the dog before and after intracranial section of the optic 
nerve, ¢: electroretinogram of the dog measured with the contact lens technique. The 
records show that the negativity is not the result of reflex contraction of the iris muscle- 
Time mark: 0-5 sec. Calibration: 50 pV. 
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Details of the ion. The usual anaesthetic was used and the temporal muscles and zygomatic 
triangular portion of bone over the mid-parietal region, about 1 om dorsal to the sylvian fissure, 
was removed with a dental drill. The opening was extended ventrally as far as possible with bone 
forceps and, provided the dura was not lacerated, haemorrhage was slight. The dura was then cut 
and reflected and the brain gently displaced upwards until the crest of the wings of the sphenoid 
was visible. From this landmark the approximate position of the optic nerve was determined and 
it was cut from behind by the insertion of a knife with a narrow blade. At the end of the experi- 
ment the com severing of the optic nerve was confirmed at autopsy. 

in no way from that found in Red Irish Settere, whose cranium was so long and deep that access 
to the optic nerve was very difficult. | 


1-82x10? 
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Fig. 3. The electroretinogram of the dog at various intensities of illumination. Left-hand column: 
white light; centre column: repeat of left-hand column; dog DO72. Right-hand column: 
wave-length 520 my; dog DO 142. The luminance of the white flash for each record is given 


in foot-lamberts at the side of the diagram, and for wave-length 520 my the intensity is 


recorded as the multiple of the intensity necessary to obtain the top record. Time mark: 
0-5 sec, Calibration: 50 pV. 


Tracings taken before and after section of the optic nerve (Fig. 2a and b) 
show no important differences, and reflex activity within the eyeball cannot 
therefore be the cause of the negative potential in dogs. 

Variation of stimulus intensity. The development of the negative potential 
as the stimulus intensity was increased is shown in Fig. 3. The left-hand 
column of records shows the effect of increasing amounts of white light. The 
centre column gives repeat tracings for their partners in the left-hand column 
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and the right-hand column shows the effect of increase of intensity of mono- 
chromatic light of wave-length of 520 my. Unfortunately, the available 
energy in @ monochromatic system never allowed the effect to be studied at 
such high intensities as can be obtained in a white system. The negative wave 
was found to develop after the b-wave had reached its maximum height, 
although it is possible that the development of the negativity curtailed the 
full development of the b-wave. Thus the negative wave had an even higher 
threshold to light than the b-wave itself. 


Fig. 4. The effect of the adaptation of the eye on the development of the negative potential. 
a and b: eye fully dark-adapted. c and d: immediately before and immediately after light 
adaptation, 182,000 ft.L. for 5 min. ¢, f, g, h: 1-5, 2, 5 and 7 min after light-adaptation. 
Time mark: 0-5 sec. Calibration: 50 uV. 


The change of shape of the negative potential with dark adaptation. The result 
of an experiment in which the adaptational state of the eye was changed is 
shown in Fig. 4. Records a and b are two electroretinograms taken some time 
before the experiment began and under conditions of full dark adaptation. 
Since 6 was taken immediately after a, they show that the adaptational effect 
of the flash itself is negligible. Record c is the electroretinogram immediately 
before a period of light adaptation of 5 min at 182,000 ft.L. Following this 
treatment the electroretinogram was recorded immediately (d) and at 1-5 (e), 
2 (f), 5 (g) and 7 min (h) after the cessation of light-adaptation. One can see 
from the records that the light adaptation destroyed the negative — 

PH. OXX. 


ff f | 


34 H. B. PARRY AND OTHERS 


completely but that a small b-wave remained. On the other hand, the nega- 
tivity returned more rapidly than the b-wave which was not of full height 
even in record h, 7 min after the cessation of light adaptation. 

Spectral sensitivity of the dark-adapted dog’s eye. Since a strong source of 
monochromatic light was available it was thought of interest to measure the 
spectral sensitivity of the dog’s dark-adapted eye by using the height of the 
b-wave as a measure of response. At each wave-length a series of records of 
the electroretinogram were taken at various intensities, starting below the 
threshold and finishing with the maximum intensity that the spectroscope 
could deliver. The height of the b-wave in each of these records was then 
measured and plotted against the logarithm of a quantity proportional to the 
energy of the light. Such a plot is shown in Fig, 5A. Here the logarithm of the 
light energy is plotted on the abscissa and the height of the b-wave on the 
ordinate. 

The two series of results were taken from the same dog but at different 
stages of anaesthesia. Straight lines were drawn through each series of points 
and the energy (Z)) required to give a standard height of b-wave determined 
from the graphs. Between each series of results a determination at wave- 
length 500 my was made so that the overall sensitivity change of the prepara- 
tion could be allowed for. The value of #, was then corrected for the overall 
sensitivity variation and also (Wright, 1946) for the energy content of the 
spectrum. The sensitivity, which is defined as the reciprocal of the energy 
required at any wave-length to give a standard response, i.e. standard height 
of b-wave, is then easily found for each wave-length from the corrected values 
of E,. The values of the logarithm of the sensitivity are given in Fig. 5B. 
Here the abscissae give the wave-length of the light and the ordinates the 
logarithm of the sensitivity. Each set of symbols corresponds to a different 
dog, and each set of measurements has been scaled in the following way. The 
measurements denoted by © were treated as standard and the ordinate values 
for other dogs multiplied by a constant factor to give, as judged by eye, a good 
fit to the standard series of results. The factor for the crosses was 0-37, for the 
open circles 0-80 and for the triangles 0-46. Although there is a considerable 
scatter of results, the final readings would seem to agree sufficiently well with 
the absorption spectrum for visual purple to indicate that the b-wave of the 
electroretinogram is a potential associated with the rod system of the retina. 


Results from abnormal dogs | 
The presence or absence of the electroretinogram may be used to separate 
affected from unaffected dogs in a litter showing hereditary progressive retinal 
atrophy (Parry, Tansley & Thomson, 1951). Fig. 6 shows the electroretino- 
gram from three pairs of dogs, each pair being litter-mates reared together 
under identical conditions. The uppermost records are from a litter in which 
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the affected dogs were in stage 2 of the three stages of the disease as defined 
by Hodgman et al. (1949) and Parry (19536). The dogs were both aged 111 days 
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Fig. 5. The results of the spectral sensitivity measurements. A: the relationship between the 
height of the b-wave in arbitrary units and the logarithm of the light energy. Wave-length 
490 mp. x, deep anaesthesia; O, light anaesthesia. Straight lines fitted to the resulta by 


y eye. B: the logarithm of the spectral sensitivity of the dog’s dark-adapted eye. The 
measurements were made on four dogs. 


and the pupillary light reflex was present in each, though brisker in the normal 
dog. Day vision was normal in both dogs and night vision slightly reduced in 
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the affected dog. The abnormal record of the middle pair was from & dog in 
stage 1. In this pair the pupillary light reflexes were present and brisk in both 
dogs; day vision was normal in both but night vision was slightly reduced in 
the affected dog. The lowermost pair of records was from dogs aged 47 days. 
In this case a clinical diagnosis of retinal atrophy in the affected dog was 
scarcely possible. Day vision was apparently normal in both, and the dogs 
were too young to perform the night vision test properly. The electro- 
retinogram, however, clearly distinguishes between the abnormal and normal 
dog, even though the clinical diagnosis was in doubt. 


Fig. 6. A comparison of the electroretinogram obtained from dogs with progressive generalized 
retinal atrophy (right) with that from normal litter-mates (left). Ist pair: DO92, DO 93, 
aged 111 days. 2nd pair: DO 127, DO 126, aged 95 days. 3rd pair: DO 140, DO 141, aged 
47 days. Time mark: 0-5 sec. Calibration: 50 pV. 


The retinal histology of the second pair of dogs is shown in PI. 1. The left- 
hand photograph shows a normal rod and cone nuclear layer with several cone 
nuclei visible. In the right-hand photograph of a retinal section from the 


affected dog, the rods and their nuclei have disappeared leaving the cone 


nuclei intact and resulting in considerable overall thinning of the retina. The 
bipolar and ganglion cell layers’ are normal. 


DISCUSSION 
The meaning of the negative potential in the electroretinogram. The point of 
interest in the dog electroretinogram is that a late negative wave appears 
under experimental conditions which, in other mammals, produce a positive 
c-wave. Negative potentials have been recorded in the electroretinogram 
before and one of the best known is that described by Granit (1933) and 
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attributed by him to the PIII process. It might be argued that our late 
negative wave is also in some way associated with this process. 

Although in his early papers on the analysis of the electroretinogram, 
Granit showed that PIII is present in rod-dominated cat retinae, it is 
doubtful whether any significant negative potential is ever developed in such 
retinae when they are dark-adapted. In addition, Granit (1947) has shown 
that the PIII potential is predominantly associated with light adaptation and 
cone activity, conditions which differ completely from those of the present 
experiments. In any case, the PIII potential has a shorter latent period than 
the positive potential (due to PII) which is responsible for the b-wave, and 
its presence can, therefore, be detected by the small negative a-wave which 
may precede the b-wave. No definite a-wave appeared in our records, and the 
conditions of the experiments—a predomivantly rod retina thoroughly dark- 
adapted—make it very unlikely that the late negative wave described here 
can be due to Granit’s PIII. 

Karpe (1945), in his studies of the human electroretinogram, also observed 
a late negative wave in some of his records. He found that it was due to 
pupil contraction and could be almost, but not completely, abolished by the | 
use of atropine when the active electrode was placed on the sclera over the 
base of the iris. With atropine and a contact glass or a wick electrode placed 
inside the limbus the negative wave disappeared. In our experiments the 
negative potential was unaffected by atropine, by the use of a contact glass 
or by the position of the active electrode. In addition, intracranial section 
of the optic nerve had no effect on the records (Fig. 2a and 5), so that our 
negative wave cannot be due to reflex pupil contraction. There is, however, 
a possibility that light may have a direct effect on the iris both in man, cats 
and rabbits (Hess, 1907) and in dogs (Gross, 1906) after prolonged dark 
adaptation. Although this possibility cannot be ruled out in our experiments, 
there was certainly no visible pupil contraction when atropine was used. 

Many of the early workers on the electroretinogram were troubled by the 
capricious appearance of a largely negative response. We now know (Granit, 
1947, p. 44) that damage to the retina always results in a negative electro- 
retinogram and this was probably the cause of many of the negative records 
described. Piper (1905), who examined the electroretinogram from many 
different vertebrate species, remarked that a negative potential is not normal 
in mammals (rabbit, cat, dog, monkey) but that one will appear if the eye is 
allowed to become dry, if an enucleated eye is used or if much damage is done 
during the operation (Piper partially dissected the eye in order to place the 
indifferent electrode on the back of the bulb). 

In a later paper (1911) Piper published string galvanometer records from 
the cat, monkey and dog. He also described, but did not publish, records from 
the rabbit. Neither his cat nor his monkey records show any negative wave 
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on the electroretinogram. His cat record is very like ours from the rabbit 
(Fig. 1) and he describes his rabbit results as being essentially similar to those 
from the cat. In all the records for the dog published in that paper the positive 
b-wave is followed by a slow negative wave which Piper was inclined to 
ascribe to operative damage to the eye, although there is no indication that 
this was more severe in his dog than in his other mammalian experiments. 


Fig. 7. Upper record: the electroretinogram of the albino rat recorded by Dr F. W. Campbell. 
The beginning of the illumination is given by the upward deflexion of the black line. Time 
mark: 0-2 sec. Lower record: the electroretinogram of the dog recorded by Piper (1911). The 
black line -bove the record indicates the period of stimulation by the light. Time mark: 
20 msec Calibration: 15 lines per mV. 


Allowing for the differences due to the use of a string galvanometer instead of 
a valve amplifier, Piper’s dog records look very much like ours (Fig. 7). In 
our experiments it is extremely unlikely that there can be any damage to the 
eye severe enough to be the cause of negativity in the electroretinogram. It 
seems probable, therefore, that a late negative wave is characteristic of the 
dog electroretinogram. So far as we know Piper is the only other worker to 
have recorded electroretinograms from dogs. Recently Dr F. W. Campbell has 
observed very similar late negative potentials from albino rats, and we are 
grateful to him for permission to publish one of his records (Fig. 7). 

The question why a late negative potential should be produced by the dog 
and albino rat eye in response to light stimulation must remain unanswered 
for the present. It is unlikely to be due to cone activity, since the rat retina 
has virtually no cones and the affected dog retinae in which there were only 
cones (Fig. 6 and Pl. 1) produced no electroretinogram at all. At present the 
only explanation seems to be that the late negative wave, like the c-wave of 
the cat and rabbit, is an expression of Granit’s PI in which, for some unknown 
reason, the sign is changed. Such changes in sign do not appear to be an 
impossibility since, in a recent paper, Dodt (1951) has described a positive 
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potential in man due to pupil contraction where Karpe found a negative 
potential. Dodt does not discuss possible reasons for this difference in sign 
and there is nothing in his paper to suggest what the explanation might be. 

Electroretinogram from the cones. Attempts were made to obtain a cone 
electroretinogram both by light-adapting a normal dog and by using high 
intensity light flashes in an animal with progressive retinal atrophy giving no 
response to ordinary stimuli. In neither case was any measurable electro- 
retinogram obtained, so that the cones do not appear to play any part in the 
electroretinogram as recorded in these experiments. _ 


SUMMARY 


1. The electroretinogram has been measured in Red Irish Setters and some 
other dogs. 

2. A negative potential following the b-wave has been investigated and its 
behaviour with respect to intensity of stimulus and time of dark adaptation 
determined, 

3. This potential appears to be retinal in origin because it is still obtainable 
after intra-cranial section of the optic nerve. 

4. The whole electroretinogram in dogs, as recorded in these experiments, 
is associated with the rod system of receptors. 

5. It has been shown that electroretinography provides a useful method of 


early diagnosis of progressive retinal atrophy. 


Our thanks are due to Mr N. A. L. Roberts who constructed a portion of the optical system 
used for these experiments. We are also grateful to Dr A. F. Green of the Wellcome Research — 
Laboratories, Beckenham, for kindly making available a supply of analgesic: 3-diethylamino- 
1: 1-di(2: 1-thienyl)but-1l-ene hydrochloride. 
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EXPLANATION OF PLATE 


Sections through the retinae of litter-mates aged 95 days from strain showing progressive 
generalized retinal atrophy. Left hand: normal retina, Right hand: abnormal retina showing 
loss of rods and their nuclei. 1, pigment epithelium; 2, rods and cones; 3, outer nuclear 
layer; 4, outer fibre layer; 5, inner nuclear layer; 6, inner fibre layer; 7, ganglion cell layer; 
8, optic nerve fibre layer. CN: cone nuclei. Intravital fixation with Walls’s modification of 
Kolmer’s cold-blooded fixative. Mallory’s phosphotungstic acid haematoxylin. x 510. 
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EFFECT OF AUTONOMIC DRUGS ON THE RESPONSES 
OF ISOLATED PREPARATIONS FROM THE GUINEA-PIG 
INTESTINE TO ELECTRICAL STIMULATION 


| By A. F. MUNRO 
From the Department of Physiology, King’s College, University of London 


(Received 1 August 1952) 


It has been shown (Munro, 1952) that the adrenaline motor response of 
a segment from the terminal part of the guinea-pig ileum is potentiated by 
atropine and depressed or reversed by anticholinesterases. The dose of adrena- 
line required to produce the motor response was relatively high (1:4 x 10’ to 
1:1 x 10%) as compared with what might be regarded as a physiological dose, 
and it was therefore of some interest to determine whether stimulation of the 
autonomic nerves supplying the intestine could produce effects similar to those 
of adrenaline. Isolated preparations taken from different levels of the guinea- 
pig intestine were used in the experiments, stimulation being effected through 
the perivascular nerves of the mesentery or by applying the stimulation 
directly to the intestinal wall. Although the responses obtained in this way 
were apparently also mediated through the intramural nervous elements, they 
were different in type from those produced by periarterial stimulation. With 
neither method of stimulation was it possible to stimulate the sympathetic 
separately from the vagal fibres, but it was considered that something might 
be gained by observing the effects of various peripheral and ganglionic 
blocking agents on the response to periarterial stimulation in this relatively 
simple preparation. A few experiments were also performed on segments of 
the colon. | 

Previous work on isolated nerve muscle preparations of the intestine 
indicates that periarterial nerve stimulation usually leads to responses such 
as might be expected if the sympathetic fibres alone were being stimulated. 
McSwiney & Robson (1931) found that, although the frequency, duration and 
strength of the periarterial stimulus was varied considerably, relaxation was 
the only response in preparations of the cat and rabbit ileum. Finkelman 
(1930) found that periarterial nerve stimulation relaxed an isolated prepara- 
tion of the rabbit ileum except occasionally at the beginning of an experiment 
when slow, weak induction shocks caused a contraction. Newman & Thienes 


4 
€ 
a 


42 A. F. MUNRO 


(1933) reported that periarterial stimulation, as well as adrenaline, caused 
contraction of duodenal preparations and relaxation of distal ileum prepara- 
tions from the guinea-pig intestine. This is a completely different distribution 
of the motor response from that observed by the present writer. 


Guinea-pigs weighing between 150 and. 250 g, and recently fed, were used for the experiments. 
They were killed by a blow across the neck. The abdomen was opened and the caecum and coils 
of the small intestine laid aside to expose the terminal part of the ileum. The latter was transected 
at ite junction with the caecum and the terminal part of the ileum was raised from the body wall 
80 as to expose the mesentery. The latter, still attached to the intestinal segment, was then 
dissected free from the body wall. The cut was continued forward as far as necessary to free the 
whole of the mesenteric artery from the body wall. A second cut was made through the ileum 
about 8 in. above the ileo-caecal junction and continued through the mesentery down to the 
mesenteric artery. The cut was then directed forward along the mesenteric border of the artery as 


far as possible. The artery was cut through and the preparation lifted free. 
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Krebs’s solution 
Fig. 1. Diagram showing the preparation suspended in the bath containing Krebe’s physio- 


logical saline. J.#.=electrodes applied to the periarterial nerves; A.C. =electrodes applied 
either through the lumen or through the lumen and bath fluid. 


Krebe’s solution was run through the lumen of the preparation to clear out the contents. It was 
then suspended in the bath, usually as shown in Fig. 1. The temperature of the bath fluid was 
maintained at 36° C by floating the bath in another dish containing water at 40° C. A pressure of 
1-2 cm saline was maintained within the lumen of the preparation. The movements were recorded 
from 2 cm lengths at each end of the preparation, i.e. from the distal terminal part and from the 
proximal part about 8 in. higher up. In some experiments only the distal terminal part was used. 
One end was then attached to the glass tube leading to the manometer and the other tied off and 


connected by a serrefine to the lever. This kind of 
er aie single preparation was sometimes also used for 
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electrodes were applied directly to the wall, close to each other, and stimulation effected with 


faradic current from an induction coil. 


RESULTS 
Responses to periarterial nerve stimulation 
The response of isolated terminal segments of ileum -to periarterial nerve 
stimulation varied from relaxation only to a combination of motor and 
inhibitory effects. When the response was diphasic, it was occasionally 
possible, by giving a sufficiently weak stimulus, to produce mainly relaxation 
(Fig. 25). The response from a proximal isolated segment of the ileum was 


f 

Fig. 2. Effect of varying strength of periarterial nerve stimulation and of varying concentrations 
of adrenaline on a terminal segment of guinea-pig ileum. At a, ¢, f and g strong, at 6 weak 
stimulation; at c adrenaline 1:5 x 10’; at d 1:1 x 10*; no washing between c and d. Between 
d and e segment washed and atropine 1:7-5 x 10*. Stimulation at ¢ was immediate, at f 2 min 
and at g 10 min after the atropine was added to the bath. 


almost invariably relaxation. When the response of the terminal segment was 
also relaxation, it was always less in extent than that from the proximal seg- 
ment of the same ileum. | 

The prevailing tone of the distal terminal segments was usually so low that 
relaxation on nerve stimulation was difficult to demonstrate; it could only be 
shown when care was taken not to stretch the mesentery unduly. The proximal 
segment appeared to maintain its tone much better. It was therefore necessary 
so to arrange the experiments that any differences in the responses from the 


it Stimulation of the periarterial nerves was effected through silver wire electrodes (.E. in Fig. 1) 
* laid on the superior mesenteric artery, and connected to an induction coil to provide interrupted 
stimulation. The duration of the stimulation varied from 1 to 10 sec. A stimulus thus applied to | 
the part of the mesenteric artery, kept above and clear of the fluid in the bath, produced re- 
sponses along the whole length of the preparation, although the movements were only recorded ‘ 
from the two ends. When stimulation was applied directly to the wall, it was effected by either 
having both electrodes (A.C. in Fig. 1) within the lumen, one at each end, or by having one only ; 
inside the lumen and the other in the bath fluid. For this type of stimulation mains alternating 
current was used and ite voltage reduced by a resistance. A potential of 30-80 V was usually. 
required to produce @ vigorous contraction, and maintained for 1-10 sec. In some experiments the | 
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two ends of the preparation to periarterial stimulation could not be attributed 
to different degrees of tonus at the two levels. Preparations were therefore 
exposed to a small concentration of histamine which maintained about the 
same moderate degree of tone in the distal terminal and proximal parts of the 
preparation. There appeared to be little difference between the responses of 
such histamine treated and normal preparations, except for a freedom from 
spontaneous activity after histamine which permitted a more consistent 
demonstration of the effects of different intensities of peripheral nerve stimula- 
tion and of adrenaline. 


a b c 


Fig. 3. Effect of weak and strong adrenaline and of strong periarterial nerve stimulation on 
guinea-pig’s ileum preparation maintained in artificial tone by histamine 1:3 x 10°. Top 
tracing, proximal part of the preparation; bottom tracing, distal terminal part. At a 2 sec 
strong periarterial nerve stimulation; at b adrenaline 1:3 x 10"; at c adrenaline 1:1 ~ 10°. 
No washing betweenbande. = 


Fig. 3 compares the effect of periarterial nerve stimulation and of weak and 
strong adrenaline on the distal terminal and the proximal part of a preparation 
maintained in tone by histamine (1:3 x 10*). In this instance, strong peri- 
arterial nerve stimulation relaxed not only the proximal but also the distal 
terminal part of the preparation, but the relaxation was more prolonged at the 
proximal part (at a). The type of response to adrenaline was also the same at 
both parts; adrenaline produced relaxation when given in a lower (1:3 x 10’) 
and contraction when given in a higher concentration (1:1 x 10°); however, 
the contraction produced by the higher concentration was greater and more 
prolonged at the distal terminal part. 

Ergotoxine and dibenamine (N-(2-chloroethyl)-dibenzylamine). Both drugs 
abolished the contraction produced by adrenaline but neither had any effect on 
that produced by periarterial nerve stimulation. Fig. 4 shows the reversal of 
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the adrenaline motor response by dibenamine (compare } and e), while the 
response to periarterial nerve stimulation remained unaffected (compare a 
and c). This preparation exhibited some natural tone and no histamine was 
required. In fact, in the experiments with dibenamine, histamine could not be 
used to produce a tonic contraction because dibenamine appears to have some — 


- antihistammic action. It was found that dibenamine, in a concentration of 


1:2 x 10*, abolished the motor response to histamine 1:1 x 10° and consider- 
ably reduced that to higher histamine concentrations. 

Eservne and atropine. If the contractions produced by periarterial nerve 
stimulation were potentiated by anticholinesterases and inhibited by atropine, 
it would be reasonable to conclude that they were mediated by the release of 
acetylcholine. On the other hand, a potentiating effect of atropine might be 
taken as evidence of activation of adrenergic fibres, in view of the fact that 


_ atropine potentiates the adrenaline motor response of the terminal part of the 


guinea-pig’s ileum (Munro, 1952). 

When eserine (1:7 x 10°) was added to the bath, there were no apparent 
effects for the first few minutes, then the tone and spontaneous activity slowly 
increased. This coincided with a considerable change in the responses to peri- 
arterial nerve stimulation. In the distal terminal part, the motor response 
was greatly enhanced; in the proximal part, which previous to the eserine had — 
responded with relaxation alone, stimulation produced a small but definite 
contraction followed by relaxation. These effects of eserine on the responses to 
periarterial nerve stimulation disappeared when atropine was subsequently 
added to the bath. | | | 

On the non-eserinized preparation, the effect of atropine on the response to 
periarterial nerve stimulation varied in different experiments. In one experi- 
ment (Fig. 2) the motor response obtained in a terminal segment was greatly 
reduced and even abolished for some time after the atropine was added to the 
bath. In other preparations, however, atropine potentiated the motor re- 
sponse of the distal terminal part of a preparation and converted the inhibitory 
response obtained on the proximal part to a motor response followed by relaxa- 
tion. Such an experiment is illustrated in Fig. 5. 

Ganglionic blocking agents. It would be expected that these drugs would 
block vagally transmitted impulses to the preparation, whilst leaving the 
transmission in the post-ganglionic sympathetic fibres unaffected. In some 
preparations, nicotine (1:1 x 10*), tetraethylammonium (1:1 x 10°) and D- 
tubocurarine (1:5 x 105) inhibited the motor response to periarterial nerve 
stimulation, whereas in others these drugs had no effect. . 

In some experiments the motor response to periarterial nerve stimulation ; 
consisted of a quick initial contraction, followed by relaxation and succeeded 
again by a slowly developing contraction. Such a response, for instance, 18 
illustrated in Fig. 5a. When the ganglionic blocking drugs inhibited the motor 
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response, the quick contraction appeared to be more affected than the slow 


Fig. 4. Effect, on a terminal segment of the guinea-pig ileum, of dibenamine on the response to 
weak and strong adrenaline and to strong periarterial nerve stimulation. At a and c strong 
periarterial nerve stimulation; at 6 and ¢ adrenaline 1:1 x 10*; at d adrenaline 1:5 x 10’. 
Between } and ¢ segment was washed and dibenamine 1:2 x 10* added to and maintained in 
the bath until end of experiment. Stimulation at c about 5 min after dibenamine. 

Fig. 5. Effect of atropine on the response to periarterial nerve stimulation in a guinea-pig ileum 
preparation. Top tracing, proximal part; bottom tracing, distal terminal part of preparation, 
5 sec strong stimulation at a before and at 6 10 min after atropine 1 :7-5 x 10*. 


Responses to direct electrical stimulation 

A preparation taken from any level of the small intestine gave a motor 
response when the wall was stimulated directly. The strength of the response 
varied, being greatest in the terminal ileum and least in the duodenum what- 
ever the degree of tone prevailing. The contraction was not maintained during 
stimulation and after cessation of stimulation the preparation was occasion- 
ally, for a short time, more relaxed than before stimulation. 

Fig. 6 shows the contraction produced by direct stimulation and the re- 
laxation produced by periarterial nerve stimulation. In this experiment the 
direct stimulation was effected by applying the electrodes from the induction 
current to the antimesenteric border of the preparation. The same effect was 
obtained when the electrodes were put in the bath fluid near the antimesenteric 
border. When the electrodes were then shifted near the mesenteric border, 


there was either no contraction, or a — like that obtained by peri- 
arterial nerve stimulation. 
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Eserine and atropine. Eserine (1:7 x 10*) potentiated the motor response to 
direct stimulation in segments taken from all levels of the small intestine. 
Atropine relaxed the tone of segments from the duodenum but had no such 
effect on the segments from the lower end of the small intestine, since these 


b c 
Fig. 6. Effect of direct stimulation (at @ and c) and periarterial nerve stimulation (at 5) on 
| proximal segment of guinea-pig ileum. (For details see text.) 


Fig. 7. Effect of atropine on the responses to successive direct stimulation of the guinea-pig 
ileum (terminal segment). At arrow, atropine 1:7-5 x 10°. Between A and B, 10 min interval; 
2 sec stimulations at about 20 sec intervals. . 


segments had either no tone or very little tone. The motor response to direct 
stimulation, however, was greatly affected by atropine. The usual sequence of 
changes which occurred after atropine were of the same pattern at all levels of 
the small intestine. A typical experiment is illustrated in Fig. 7; in this 
experiment the preparation was stimulated for 2 sec about three times a 
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minute. Atropine not only changed the sensitivity of the preparation to the 
stimulation, but also the character. of the response. Before the atropine, 
stimulation produced. a quick, transient contraction. The first effect. of 
atropine was to diminish and sometimes to abolish this contraction, and for 
a period of 2-3 min, stimulation resulted usually only in a small response. 
But, as seen in Fig. 7, this response consisted now of a small, quick contraction, 
followed by a second contraction which subsided relatively slowly. This 
secondary contraction gradually increased in size until the contraction was as 
strong as the original contraction and sometimes even stronger, but it was 
usually still preceded by a slight twitch, the remnant of the original response. 


ss 
Fig. 8. Effect of cocaine on the response to direct electrical stimulation of the terminal segment of 
guinea-pig ileum preparation (A-C) before and (D and E) after atropine. a =acetylcholine 
1:5 x b=adrenaline 1:1 10°; s =<direct stimulations (2 sec). From arrow to end of C, 
cocaine 1:6 x 10*; groups of successive stimulations (s) before and during cocaine. (D) After 
thorough washing; atropine added 10 min earlier.. At the arrow till end of E, cocaine 
1:6 x 10, 


On a few preparations atropine, particularly when given in higher concen- 
trations, caused only complete and permanent inexcitability to direct electrical 
stimulation, without the appearance ‘of the secondary, slower response. In 
other preparations, a small dose of atropine would sometimes produce a 
transient reduction of the normal quick response. When this effect had worn 
off, it was not possible by increasing the dose of atropine five to ten times 
further to affect the response to direct stimulation. 

Cocaine. A sensitivity to cocaine of the response to direct stimulation would 
imply nervous transmission, provided the muscle still contracted well to 
muscle-stimulating drugs. Fig. 8 shows that cocaine abolishes the motor 
response to direct electrical stimulation, both before and after atropine, but 
that the acetylcholine response was unaffected and the adrenaline motor 
response, in fact, potentiated. 

Ergotoxine, dibenamine, diphenhydramine and antazoline had no effect on the 
motor response to direct electrical stimulation when tested either before or 
after atropine. | 
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Experiments on segments from the large intestine 
Direct electrical stimulation of segments from the colon produced sometimes 


inhibitory and sometimes motor responses. If the tone of the preparation was 


low, the effect was usually motor, if high, usually inhibitor. Periarterial nerve 
stimulation and direct stimulation produced usually similar responses. In 
preparations which were in a state of tone, both kinds of stimulation produced 
inhibition of spontaneous movement and relaxation. In this respect, prepara- 
tions from the colon responded differently from those of the small intestine. 


Fig. 9. Responses from distal end of colon to direct stimulation for 2 sec (at arrows), before 
(at A) and after (at B) atropine 1:7-5 x 10°. 


Direct electrical stimulation of a rectal segment produced a transient con- 
traction followed by a prolonged period of inhibition (Fig. 9). Atropine 
reversed the initial motor response, although it reduced the tone, This in- 
hibitory response was again reduced and finally reversed if eserine was added 
to the bath as well, although the tone of the preparation was considerably 
increased by eserine. Cocaine abolished the motor response obtained on direct 
stimulation of a segment from the rectum, which suggests that this response is 
transmitted via intramural nerve fibres. 


DISCUSSION 
The results of the present experiments show that the response to periarterial 
nerve stimulation of the guinea-pig ileum changes as we approach the ileo- 
coecal junction. The terminal 2 cm of the ileum are more prone to respond with 
contraction than those parts which are more proximally situated. Relaxation 
is the predominant response in the proximal parts, whereas — 
PH. OXX, 
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predominates in the terminal parts. Relaxation may occur in the terminal 2 cm 
of the ileum in response to periarterial nerve stimulation, but if so it is less 
pronounced than in the proximal parts and usually is either preceded or 
followed by contraction. Thus, the effects of periarterial nerve stimulation on 
the terminal segment of the ileum resemble those of adrenaline (Munro, 1951). 

The response to periarterial nerve stimulation may be due either to stimu- 
lation of preganglionic nerve fibres which relay in the wall of the small 
intestine, or of postganglionic fibres. The finding that ganglion blocking agents 
like tetraethylammonium, nicotine and p-tubocurarine suppressed the response 
in some but not in all preparations indicates that in some preparations stimula- 
tion is predominantly preganglionic and in others postganglionic. Stimulation 
of postganglionic fibres would mean stimulation of sympathetic adrenergic 
fibres which, according to the different actions of adrenaline as well as of 
noradrenaline, might produce either inhibitory or motor responses. Stimula- 
tion of preganglionic fibres would probably mean stimulation of parasym- 
pathetic fibres which relay in the intestinal wall to ganglion cells, which may be 
the cell bodies of either cholinergic or adrenergic neurones. The possibility of 
such adrenergic neurones originating in the intestinal wall has been postulated 
by Ambache & Edwards (1951). 

The fact that in some instances atropine suppressed the motor response to 
periarterial nerve stimulation suggests that, in these preparations, the trans- 
mission of the nerve effect to the smooth muscle is by acetylcholine. On the 
other hand, periarterial nerve stimulation produced in some preparations 
motor responses which were not only resistant to atropine but were potenti- 
ated by atropine. This finding might suggest that the stimulation resulted in 
excitation of adrenergic fibres terminating at the smooth muscles, since 
adrenaline acts in a similar way (Munro, 1952). The finding that these motor 
responses to periarterial nerve stimulation were not inhibited by either 
dibenamine or ergotoxine is not necessarily proof that they are not adrenergic, 
because Rosenblueth & Cannon (1936) observed that sympathetic nerve 
_ stimulation produced motor responses in certain smooth muscles which were 
not affected by adrenaline blocking agents. It is also probable that excitation 
of adrenergic fibres was responsible for the relaxation occasionally observed in 
terminal segments when adrenaline produced a motor response, because it has 
been found that in terminal segments, adrenaline may have an inhibitory 
effect when given in a weak concentration, but that a motor response is 
obtained when the concentration is increased. 

It is not clear why the responses of the ileum to direct and periarterial nerve 
stimulation should be different. Direct stimulation also must be considered to 
be mediated by stimulation of the intramural nervous structures, since the 
effects are abolished by cocaine without rendering the preparation insensitive 
to stimulation by acetylcholine or adrenaline. Probably when stimulation is 
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directly applied to the muscular wall, the intrinsic nerve plexus with its cells is 
stimulated more effectively than on periarterial nerve stimulation. If we take 
this view, it would appear that these intrinsic nervous structures are to a great 
extent cholinergic, since eserine potentiated in every instance the response to 
direct electrical stimulation and atropine, at least transiently, abolished it. 

When the transient effect of atropine had passed off, a more sluggish motor 
response was often obtained on direct stimulation. At this stage the prepara- 
tion did not respond to acetylcholine applied to the bath. It is interesting in 
this connexion that most workers have found that atropine is unable to 
prevent the response of the gastro-intestinal musculature to vagal stimulation 
(Bayliss & Starling, 1899; Dale & Gaddum, 1930). Bayliss & Starling, at one 
point in their paper, describe the development of a motor response to vagal 
stimulation, but only after atropine was added. Dale & Gaddum have 
attempted to account for the ineffectiveness of atropine on the responses of 
certain tissues to vagal stimulation by the suggestion that, in these instances, 
the cholinergic nerve endings are intracellular and therefore within the barrier 
of the drug’s action. This explanation does not appear to be applicable in the 
present instance, for atropine must have been at least transiently effective, 
otherwise there would have been no initial suppression of the response. 

An alternative possibility is that non-cholinergically mediated responses 
may appear, when the normal cholinergically mediated responses have been 
inhibited by the atropine. The possibility that the substance liberated might 
be adrenaline or histamine was considered. Since neither ergotoxine, diben- 
amine, antazoline nor diphenhydramine had any inhibitory effect on these 
atropine resistant responses, it is unlikely, but not impossible, that they were 
produced by liberation of adrenaline or histamine from the nerve endings. In 
this connexion, experiments of Vogt (1949) may be relevant. He found that 
stimulation of the vagus to the frog’s stomach released a substance which was 
able to stimulate smooth muscle in the presence of atropine. Feldberg (1951) 


_ has suggested that the postganglionic fibres to the intestine may release a 


similar substance. 

Henderson & Roepke (1934) described a change after exposure to atropine 
in the response of the urinary bladder to sacral root stimulation, which was 
somewhat comparable to that occurring in the intestine. They postulated the 
presence of two nervous mechanisms in the bladder wall, the first contractile 
and resistant to atropine, the second tonic and sensitive to atropine. 


SUMMARY 
1. A preparation 8 in. long from the terminal part of the guinea-pig ileum 
was suspended in a specially constructed bath containing Krebs’s solution. 
The responses of the preparation to stimulation through the periarterial 


nerves were recorded from a 2 cm length at each end. 
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2. The responses varied between one preparation and another, but were 
mainly relaxation of the proximal part and contraction of the distal terminal 


part. 
3. Atropine ssinittions potentiated, sometimes abolished the motor 


pe to periarterial nerve stimulation. 

. Direct stimulation of the wall of the preparation produced a motor 
fe even in those segments which relaxed when stimulated peri- 
arterially. 

5. The motor response produced by direct stimulation was first abolished 
by atropine, but later replaced by an atropine resistant, sluggish contraction 
which was not abolished by dibenamine, ergotoxine, diphenhydramine or 
antazoline. Both types of contraction were abolished by cocaine. 

6. The results are discussed on the assumption that the fibres which end at 
the smooth muscles and are activated by periarterial nerve stimulation are 
cholinergic and adrenergic, and that the effect produced by activation of the 
adrenergic fibres may be, like that of adrenaline, inhibitor and motor. 
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THE ROLE OF THE LIVER AND THE KIDNEYS IN 
THE MAINTENANCE OF THE LEVEL OF 
' FREE CHOLINE IN PLASMA 


By JOHN BLIGH* 
From the Department of Physiology, University College, London 
(Received 11 August 1952) 


| It has recently been reported (Bligh, 1952) that the concentration of free 
choline in plasma is surprisingly constant and low (1-2g/ml.) in the normal 
human subject, with similar values in the cat and dog. It is evident that some 
» extremely sensitive mechanism of control must be present, as this low level is 
maintained despite the constant absorption of dietary choline. Hutter (1952) 
has shown that an increase of free choline in plasma is of possible significance 
in neuromuscular transmission. The question has thus arisen as to whether, 
under any circumstances normal or pathological, there could be an increase in 
the concentration of plasma choline. It is apparent that additional choline 
injected into the body is rapidly destroyed (Kahane & Lévy, 1950), and the 
only known mechanism for such destruction is the choline oxidase system 
(Bernheim & Bernheim, 1933, 1938; Mann & Quastel, 1937) which oxidizes 
choline to betaine aldehyde and possibly further to betaine. This enzyme 
system has been found to exist, to any extent, only in liver and kidney tissue. 
The experiments reported here are an attempt to determine the relative 
importance of the liger and the kidneys in the maintenance of a constant low 
level of plasma choline, and to assess the likelihood of dysfunction of either or 
both organs resulting in an increased concentration of free choline in plasma. 
It is shown that complete removal of either the kidneys or the liver alone does 
not impair the rate of disappearance of intravenously injected choline, and 
that even in the complete absence of liver and kidney tissue, slow destruction 
{ of choline can still take place. 
METHODS 
Dogs, anaesthetized with ‘Nembutal’ (pentobarbitone sodium), 50 mg/kg, were used throughout 
the investigation. Arterial blood samples were collected via a polythene cannula passed into the 
femoral artery, almost to its junction with the aorta. At the external end of the cannula there 
was & two-way tap to which was fitted two 10 ml. syringes. The static fluid in the cannula was 


first drawn off into one syringe before a 5 ml. blood sample was withdrawn into the other. A small 
amount of heparinized saline was introduced into the cannula after each blood sample had been 
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collected to prevent clot formation. In each experiment, either on the intact animal or after 
functional hepatectomy and/or bilateral nephrectomy, a sample of blood was first withdrawn. 
A quantity of choline choride was then injected intravenously, and further samples of blood were 


reported (Bligh, 1952). Urine samples were assayed by the same method. The value for the first 
sample, collected before the injection of choline chloride, was taken as the resting concentration of 
plasma choline, and the values of the subsequent samples were plotted against time to show the 
rate of disappearance of the injected material. The amount of choline chloride injected was usually 
50-100 mg, according to the size of the dog. 

Functional hepatectomy was generally achieved by simple evisceration without the removal of 
the liver itself. In one experiment, removal of the liver was achieved after evisceration by the 
introduction of a siliconed glass cannula right into the inferior vena cava, so that it could be tied 
into the vessel above and below the liver, which was then cut away (Markowitz, 1949). In all 
experiments involving evisceration, atropine (5 mg/kg) was injected intramuscularly ¢ hr before 
an injection of choline chloride to prevent the long-lasting fall in blood pressure which otherwise 
occurred. In one other experiment, functional hepatectomy without evisceration was achieved by 
shunting the portal blood through a flexible cannula into the right renal vein after the hepatic 
artery had been ligated (Dale & Laidlaw, 1919). In this experiment, heparin (1000 i.u./kg) was 
injected intravenously to prevent clotting in the flexible cannula. 

When urine was collected, both ureters were cannulated through a midline incision. The 
cannulae were then brought to the exterior through lateral stab-wounds, and the midline incision 
closed. A slow intravenous infusion of a 20% sucrose solution was used to induce diuresis. 
Complete inactivation of kidney tissue was achieved by ligation of both renal arteries and veins, 
or by complete removal of the organs. The resting level of choline immediately before an injection 
of choline chloride is shown in the charts by a line of alternating dots and dashes; the level at 
which the plasma choline would have stabilized after an injection of choline chloride, assuming 
complete diffusion throughout the entire body fluid, and no destruction, is represented by a line of 
dashes. 

RESULTS 


The rate of disappearance of injected choline chloride from the plasma was 
determined in the intact animal in four experiments. During the first 5 min 
_ after the injection there was a steep decline in the concentration of plasma 
choline, probably through its free diffusion into the extracellular fluid. The 
disappearance curve flattened out during the next 10-15 min, and 20 min 
after the injection the concentration of plasma choline was the same as that 
before the injection or was only slightly raised (Fig. 1). Any persistent eleva- 
tion at 20 min represented less than one-fifth of the additional plasma choline 
concentration which would have resulted had there been no destruction but 
complete diffusion of the injected material throughout the body fluids. In no 
case did the concentration of plasma choline, after an injection of choline 
chloride, fall to below that before the injection. These results confirmed 
observations reported by Hunt (1915). 


Effect of removal of kidneys 
The amount of choline chloride in the urine collected during the hour 


immediately succeeding an intravenous injection of choline chloride (Table 1) 
was about 10% of the injected material. The removal of both kidneys from 


| taken at suitable intervals after the injection. The blood was immediately centrifuged, and the : 
. concentration of free choline in the plasma determined biologically by the method previously 
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the circulation, either by ligation of the renal arteries and veins, or by com- 
_ plete removal of the kidneys, did not prevent the rapid disappearance of 

injected choline chloride from the plasma (Fig. 2, A). It is thus evident that 
urinary excretion cannot account for the rapid disappearance of injected 
choline chloride, and that the complete removal of the kidneys does not prevent 
its destruction. 


Plasma choline (jug/mi.) 
8 


0 1 , 1 4 
10 20 30 «0 50 60 
Minutes after injection of choline chloride 


Fig. 1. A, 50 mg choline chloride injected intravenously into a 9 kg dog. B, 100 mg choline 
chloride injected intravenously into an 8 kg dog. The level of plasma choline before the 
injection is shown in this, and in subsequent figures, by a line of dots and dashes ( ); 
the level at which the disappearance curve would have flattened out had there been complete 


diffusion but no destruction of the injected dose is shown by a line of dashes. 


Effect of removal of liver 

Simple evisceration, involving cessation of the blood supply to the liver, 
but not its actual removal, was found to cause a small but steady elevation of 
the level of free choline in the plasma. There was, however, little change in the 
rate at which additional choline was removed from the blood. When choline 
chloride was injected intravenously there was a slight slowing in the rate of 
disappearance from the plasma (Fig. 2, B) in comparison with that observed in 
the intact animal (Fig. 1) and after bilateral nephrectomy (Fig. 2,4). The 
plasma choline did not always return quite to the pre-injection level, but the 
small persistent.increased level could not account for more than 15-18% of the 
injected dose, while only 15-21% of it could be found in the urine collected 
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Tazz 1. Recovery of intravenously injected choline chloride from 


urine during 1 hr following injection 
Expt. Wt. of dog  ChCl injected 

1 8 100 9 9 
2 50 5 10 
3 6-75 18 2-2 

4 70 11-4 15 
5 9-5 100 6 
6 6-5 100 78 8 


Plasma choline 


10} 


4 Stace t 


10 20 30 40 50 60 
Minutes after injection of choline chioride 


Fig. 2. A, 50 mg choline chloride injected intravenously into an 8-5 kg dog after bilateral neph- 
rectomy. B, 40 mg choline chloride injected intravenously into an 8 kg dog after ‘functional 
hepatectomy’ (evisceration). C, 100 mg choline chloride injected intravenously into a 6 kg 
dog after evisceration and bilateral nephrectomy. 


Average percentage recovery = 10%. ChCl = choline chloride. 
60 
50 
40 
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during the 60 min after the injection. It would thus seem that the liver is not 
essential for the rapid disposal of additional choline, but may be concerned 
in the fine control of the normal level in plasma. 


Effect of removal of liver and kidneys | 

When both the liver and the kidneys were removed from the circulation 
there was a modification in the shape of the disappearance curve after an 
injection of choline chloride (Fig. 2,C). The first part of the curve, that 
believed to be due to diffusion into extracellular fluid, was unchanged, but at 
the end of 60 min the curve had flattened out at a level considerably higher 
than that existing before the injection. In the first such experiment, after 
allowing for the removal of the viscera, including the liver and che kidneys, 
it was calculated that in the absence of any destruction of the injected 
choline, its complete diffusion would cause a final steady level of plasma choline 
6-3.g/ml. higher than that before the injection. Actually, 60 min after the 
injection, the concentration was 6-4 ug/ml. higher than the pre-injection value, 
and the curve appeared to have flattened out. This suggested that the de- 
struction of the added choline had been halted or considerably reduced by the 
removal of both liver and kidneys from the circulation. Two subsequent 
experiments involving functional hepatectomy and bilateral nephrectomy 
produced the same contrast with earlier experiments in which either hepa- 
tectomy or nephrectomy alone was performed. In one experiment the per- 
sistent elevation of the plasma choline represented 90% of the injected dose 
on the assumption of complete diffusion, but in the other experiment this 
calculation could account for only 61% of the injected dose. Subsequent 
experiments, in which the period of observation after the injection of choline 
chloride was increased, showed quite clearly that after the apparent levelling 
off there was a slow fall in the concentration of plasma choline over the 
succeeding 1 or 2 hr, until the pre-injection level was reached (Fig. 3, A). 
This observation completely disposed of the possibility of simple diffusion 
accounting for the observed effect of an intravenous dose of choline chloride 
after the removal of both liver and kidneys from the circulation. It was 
apparent that the functional removal of these organs together causes a con- 
siderable reduction in the rate of removal of additional choline from the 
blood, but the removal proceeds at a slower rate. 

To confirm the effectiveness of the method of functional hepatectomy 
employed, the complete removal of the liver was attempted. This was 
achieved by means of a siliconed glass cannula, inserted into the inferior vena 
cava so as to connect the vessel above and below the liver, which was then cut 
away following evisceration and bilateral nephrectomy. The rate of disap- 
pearance of intravenously injected choline chloride from the plasma (Fig. 3, B) 
did not differ from that observed after simple evisceration and bilateral 
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nephrectomy (Fig. 3, A). The ultimate return of the plasma choline to the pre- 
injection level cannot, therefore, be due to residual liver function, and indicates 
that choline can be slowly destroyed by tissue other than the liver and kidneys. 


Plasma choline (ug/mi.) 


a i ¥ i 5 iL i i i i i 
~ 10 20 30 40 SO 60 70 8 90 100 110 120 130 140 150 160 
Minutes after injection of choline chloride 
Fig. 3. A, 80 mg choline chloride injected intravenously into a 5 kg dog after evisceration and 
bilateral nephrectomy. Period of observation after the injection extended to 3hr. B, 
100 mg choline chloride injected intravenously into a 9 kg dog after evisceration, hepa- 
tectomy and bilateral nephrectomy. 


40h 


Plasma choline (jg/mi.) 
8 


Minutes after injection of choline chloride 
Fig. 4. 50 mg choline chloride injected intravenously into a 11-5 kg dog after ligation of the 
hepatic and renal arteries, and with the portal blood shunted into the right renal vein. 


It remained possible that the effect of functional hepatectomy together 
with bilateral nephrectomy may not have been due to the inactivation of the 
liver, but to the removal of some other organ of the viscera. To study the 
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effect of the removal of the kidneys and the liver from the circulation under 
conditions where the blood supply to the rest of the viscera was not interfered 
with, the method of functional hepatectomy described by Dale & Laidlaw 
(1919) was used, by which means the portal blood was shunted into the right 
renal vein through a flexible cannula. Both kidneys were first removed, and 
the hepatic artery was ligated as near to the liver as possible, so as to exclude 


TaBLE 2. Plasma choline levels in cases of liver dysfunction 


Plasma choline 
Case no. Sex Diagnosis (~g/ml.) 
1 F. Enlarged liver (unknown origin 1-8 
to-lenticular degeneration 16 
disease) 
3 M. Cirrhosis of the liver 21 
5 M. Cirrhosis of the liver 15 
7 Haemochromatosis 11 
8 F. Obstructive jaundice 13 
9 M. Amyloid disease of liver 1-4 
10 F. osis of the liver 1-2 
ll M. lenticular 
12 M. Alcoholic cirrhosis of the liver 31 
with peripheral 
13 F. Cirrhosis of the liver and syphilis 2-1 
14 M, Chronic 2-6 
15 F. Cirrhosis of the liver 15 
mean 1-7 
Mean of healthy adults 1-4 
(Bligh, 1952) 
Tass 3. Plasma choline levels in cases of kidney tubular dysfunction 
Plasma choline 
Case no. Sex Diagnosis (g/ml.) 
1 F. *“ Hart’s syndrome” 2-1 
(gross renal amino-aciduria) 
2 F. Cystinuria 2:3 
3 M. 2-3 
4 M. ephrocalcinosis with renal 14 
acidosis 
5 F. Hepato-lenticular 16 
6 M. Hepato-lenticular degeneration 2-4 
* This is the trivial name given to a new syndrome still under investigation. It comprises 
tach and very high excretion of anting-ecid of renal origin 
(Dent, personal communication). 


the entry into the liver of any anastomotic connexions from the superior — 
mesenteric artery. The result obtained with this technique (Fig. 4) was 
similar to that obtained when simple evisceration and nephrectomy were 
performed (Fig. 2, 0), thus showing that the reduction in the rate of dis- 
appearance was due to the removal of the kidneys and the liver from the cir- 
culation, and not to the concurrent removal of any other part of the viscera. 


60 JOHN BLIGH 


- Plasma choline in disease of the liver and kidneys in man 

These experiments indicate that it is unlikely that an abnormal state of 
liver or kidney alone could result in a raised concentration of plasma choline, 
Choline assays were carried out on blood samples from fifteen persons suffering 
from hepatic dysfunctions.. In all cases the values. obtained were within, or 
only slightly above, the normal range (Table 2). The concentration of plasma 
choline was also normal in six cases of kidney tubular dysfunction (Table 3). 
It should be noted that the cases of hepato-lenticular degeneration (Wilson’s 
disease) show minor degrees of both liver and kidney tubular — and 
are aa entered twice on the tables. 


DISCUSSION 


The rapid disappearance from the blood of an intravenously injected dose of 
choline chloride was first observed by Hunt (1915), and a recent study by 
Kahane & Lévy (1950) has shown that such injected choline chloride cannot be 
found in a free or combined form in the bodies of mice or rats 15-20 min after 
its administration. Neither storage, phospholipid formation or urinary 
excretion could account for the disappearance of the choline. With a reserva- 
tion on the possible formation of a choline-phosphate ester which cannot be 
readily hydrolysed or assayed, it would seem almost certain that the admin- 
istered choline is rapidly destroyed. This ability of the body to remove rapidly 
a comparatively large amount of additional choline from the blood suggests 
that a substantial rise in the concentration of plasma choline is unlikely to 
occur under normal conditions. 

It would appear that no in vivo cmlaiaaias have hitherto been made to 
determine whether the choline oxidase mechanism of the kidneys and the 
liver is solely responsible for the maintenance of a constant low level of plasma 
choline, and for the removal of large doses of administered choline, and, if so, 
the relative importance of these organs in this respect. 

It is shown here that the complete removal from the circulation of either 
the kidneys or the liver does not cause any appreciable change in the rate at 
which the body can dispose of a large influx of free choline, but that when 
both organs are removed, the rate at which the plasma choline concentration 
returns to normal after an intravenous injection of choline chloride is con- 
siderably reduced. It is apparent that the liver and the kidneys are princip- 
ally responsible for the rapid removal of intravenously injected choline 
chloride from the blood, but that either organ in the absence of the other can 
perform this function adequately. This would seem to confirm the view that 
the choline oxidase system, known to be present in these two organs, is 
responsible for the removal of large quantities of injected choline, and that 
each organ contains enough of the enzyme system to dispose of such material 
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in quantities far in excess of the amount ever likely to be liberated within the 
body under any normal or pathological condition. 

It is further shown that even when both liver and kidney are absent, the 
body can still slowly dispose of injected choline, and that the plasma concentra- 
tion ultimately returns to the pre-injection level. This suggests that there is 
some choline oxidase activity, or another choline destructive mechanism 
elsewhere in the body, and that while it is inadequate to deal rapidly with a 
sudden large rise in the concentration of free choline within the body, it is 
probably sufficient to prevent any appreciable rise in the plasma choline con- 
centration, even should the liver and kidneys cease to function in this respect. 

Though functional hepatectomy had little effect upon the rate of disposal of 
intravenously injected choline chloride, it did cause a rise in the basal level of 
plasma choline. Thus it seems likely that the liver is concerned in maintaining 
the normal low level of plasma choline, but is not essential for the rapid dis- 
posal of additional choline. | 

It is concluded from this work that an increase in the concentration of free 
choline in plasma is an unlikely manifestation under any circumstances, either 
physiological or pathological, and in consequence it is considered improbable 
that neuromuscular dysfunction could result from variations in the level of 
plasma choline. | | 

A number of clinical investigations have been made in recent years in an 
attempt to find a relationship between choline metabolism and various 
pathological conditions: Hunt (1915) was unable to find abnormally high 
levels of serum choline in patients suffering from diseases of the central 
nervous system or of the thyroid gland, and Forsander & Hallman (1952) found 
that the levels of free choline in plasma from children suffering from severe 
gastro-enteritis were in general normal. Cséky, Méllerstrém & Sirek (1949) 
could find no correlation between urinary excretion of choline and the 
existence of diabetes mellitus, and de la Huerga & Popper (1951) could detect 
no choline in urines of normal persons or of patients with hepatobiliary 
diseases, under basal conditions. Despite the considerable amount of work 
done to this end, there is no clear indication of any condition in which the 
concentration of plasma choline is raised. It would now seem unlikely that 
such a condition could exist. 

It has been shown in the experiments reported in this paper that the liver 
may be in some way concerned in the maintenance of a constant low level of 
plasma choline, and that a slightly raised level could possibly occur with 
disorders of the liver. In only one case of liver disease (case 12, Table 2) was 
the level of plasma choline found to be appreciably higher than normal, and as 
this was not found in other comparable cases, it is regarded as being of doubt- 


ful significance. 
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SUMMARY 


1. The relative importance of the choline oxidase system of the liver and 
kidney in the removal of intravenously injected choline, and in the main- 
tenance of the normal low level of plasma choline, has been studied in the dog 
under pentobarbitone anaesthesia. 

2. The rapid disappearance from the blood of injected choline chloride has 
been confirmed. The complete removal of either the kidneys or the liver does 
not disturb this mechanism. The removal of kidneys and liver together con- 
siderably reduces the rate of disappearance, but does not entirely halt it. 
3. It is concluded that the liver and kidneys are principally concerned in 
the rapid disposal of any large influx of free choline, and that either tissue, in 
the absence of the other, is adequate in this respect. Some other tissues can 
dispose of additional choline at a slow rate, and this alone may be adequate to 
prevent any rise in the concentration of free choline in plasma. 

4. It would seem unlikely that any variation in the level of plasma choline 
can occur under normal or pathological conditions, and consequently could 
not be the cause of any form of neuromuscular dysfunction. 

5. No definite elevation in the plasma choline level was found in fifteen 
cases Of hepatic disorders, and six cases of kidney dysfunction. 

This work was carried out during the tenure of an award from the Agricultural Research 
Council, to whom I express my sincere gratitude. My thanks are also due to my colleague, 
Mr O. F. Hutter, for his co-operation in some of the experiments, to Drs Calvert, Dent and 


Walshe, of the Medical Unit, University College Hospital Medical School, for samples of blood 
from the clinical cases, and to Mr R. Featherstone for valuable technical assistance. 
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ABSORPTION OF AMINO-ACIDS USING AN 
IN VITRO TECHNIQUE 


: By G. WISEMAN 
From the Department of Physiology, University of Sheffield 
| (Received 20 August 1952) 


The absorption of amino-acids from the small intestine has recently been 
re-investigated, using comparatively new stereochemically specific methods. 
Previous workers, not in possession of such methods, failed to find any marked 
difference in the rate of absorption of the stereoisomers of several amino-acids 
(Chase & Lewis, 1934; Bolton & Wright, 1937), while Kratzer (1944) found the 
rate of absorption of amino-acids in chicks was inversely proportional to their 
molecular volume. These results led to the view that amino-acids were probably 
absorbed by simple diffusion. On the other hand, Héber & Hober (1937) 
suggested that an active process was involved in amino-acid absorption as 
they found the rates of absorption of glycine, valine and alanine were too fast 
to be accounted for without such a process. In 1947, Schofield & Lewis 
described experiments in which L-alanine was more completely absorbed than 
p-alanine. More recently, Gibson & Wiseman (1951) were able to estimate the 
rate of disappearance of both the p- and the L-isomers of thirteen amino-acids 
after a solution of the racemic amino-acid had been introduced into tied-off 
loops of rat small intestine in in vivo experiments. They showed that, under 
the same conditions, the L-isomer of the amino-acid disappeared more rapidly 
than the p-isomer. They regarded this as evidence for an active process in 
amino-acid absorption. This phenomenon has also been demonstrated using 
racemic histidine and alanine in Thiry-Vella loops in unanaesthetized dogs 
(Clarke, Gibson, Smyth & Wiseman, 1950), and Matthews & Smyth (1952) 
have shown that when a racemic alanine solution is introduced into a loop of 
cat small intestine the venous blood from that loop is richer in L-alanine than 
p-alanine. A stereochemically specific process has also been demonstrated in 
the reabsorption of amino-acids by the kidney (Crampton, Gibson & Smyth, 
1951). 

The following experiments were carried out to investigate the ability of the 
small intestine to transfer amino-acids against a concentration gradient. The 
L-isomers of alanine, phenylalanine, methionine, histidine and isoleucine, but 
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not of glutamic acid or aspartic acid, were found to be transported across the 
small intestine against a concentration gradient. The D-isomers of alanine, 
phenylalanine, methionine and isoleucine were not transported against a 
concentration gradient. 


EXPERIMENTAL 

Animals. Adult rate of about 250 g weight were fasted for 12 hr before use to reduce the solid 
content of the small intestine. 

Anaesthesia. Intraperitoneal injection of pentobarbitone sodium was used, using 6 mg/100 g 
rat body weight, the pentobarbitone sodium being made up 6 mg/ml. in distilled water. 

Circulation unit. The circulation unit, shown diagrammatically in Fig. 1, consists of two parte, 
an upper and a lower chamber. The upper chamber, which contains the inner fluid and carries 
the intestinal segments, fits into the lower chamber by means of the ground-glass joint. The unit 
is made entirely of Pyrex glass. The upper chamber is open at C, has a capacity of about 50 ml., 
and a diameter of about 4cm. A glass tube D, about 0-4 cm diameter and about 20-0 om long, 
from the upper chamber has at its lower end three upturned nippled projections. A tube Z is 
sealed through the floor of the upper chamber, its upper end being hooked over so that its outlet, 
1 mm in diameter, is about 2-3 mm from the floor of the upper chamber. The lower end of the 
tube Z, about 2-0 cm below the upper chamber, is blown out to a diameter of about 0-8 cm to 
provide a place for the sealed-in gas inlet A. Joined to the blown-out lower end of the tube Z, by 
a tube about 1-0 cm long, is a circular tube (through which passes the tube D) which carries three 
nippled projections, each one ‘being opposite its fellow on the lower end of the tube D. Each 
segment of intestine is joined to a pair of these nippled projections. A rubber tube to the sealed-in 
gas inlet A passes through a passage, F, in the upper chamber. A rosette, B, is sealed into the 
lower end of the outer chamber and is continuous with a glass tube to which is joined another 
rubber tube. The outer chamber is about 26-0 om long and 2-8 om in diameter, and the volume of 
fluid required to reach the circular tube, when the upper chamber (with intestinal segments) is 
in position, is about 25 ml. The distance between the nippled projections is about 15 cm, giving 
about 45 cm of intestine to about 25 ml. outer fluid. With the inflow of the gas mixture through 
the inlet A, inner fluid is carried up the tube Z and into the upper chamber, the gas bubbling 
through the inner fluid in the upper chamber before escaping at C. Inner fluid from the upper 
chamber flows down D, up the gut, and towards the circular tube, the arrows in the diagram 
showing the direction of flow. Gas mixture enters by the rosette B.and serves to mix the outer 
fluid on its way to escape via F. The apparatus is kept submerged in a water-bath, at 37° C, to 
the level of the ground-glass joint. With the temperature of the water-bath at 37° C the inner 
fluid rises to 35—-36° C in a few minutes of the start of the experiment and remains constant during 
the perfusion. This technique is similar in principle to that of Fisher & Parsons (19494). This unit 
has the advantages of being simple in use, gives a relatively large ratio of intestine to outer fluid, 
and the distention pressure is only about 10 cm H,O. There is, however, a short period during 
which the perfusion of the inner fluid is interrupted, and also the length of intestine used on each 
circulation unit is not as easily altered as in the method of Fisher & Parsons (19492). 

Preparation of intestine. The preparation was made on a warm operating table. The abdominal 
cavity was opened by a mid-line incision and the caecum withdrawn, thus locating the ileo-caecal 
junction. The upper end of the small intestine was then found, in the region of the duodenal- 
jejunal junction, and an incision, between the circumferential vessels, made in the intestinal wall. 
A similar incision was made at the ileo-caecal junction and the gut between these incisions washed 
out, from above down, with warm distilled water. A cannula was tied into the upper end of the 
intestine and warm control circulation fluid, equilibrated with 95% O, and 5% CO,, allowed to 
flow through the gut lumen from a reservoir giving a distension pressure of about 20 cm H,O. The 
chest of the animal was then opened and the animal killed by bleeding. The intestine was cut 
free, leaving about 05cm mesentery margin attached to the gut. Blood contamination was 
removed by submerging the gut in warm distilled water and it was then rapidly removed to 
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a Petri dish containing gas-equilibrated control circulation 

tn aan fluid, in readiness for attachment to 
Preparation of intestinal segments. The upper chamber was filled with control circulation 

and rubber policemen” placed over the nippled projections, gas mixture allowed to low through 4” 

and wet thread ligatures placed in position over a pair of nippled projections. The intestine, which 


Fig. 1. Circulation unit; for explanation see text. 


had control circulation fluid flowing through its lumen from the reservoir, was brought up to the 
upper nippled projection, the ‘policeman’ removed, and the intestine tied over the projection. 
The flow of fluid was then from the upper chamber to the reservoir. The intestine was then cut to 
give a length which required slight stretching to reach the lower nippled projection, to which it 
was then tied. The slight stretching prevented excessively long segments obstructing the placing 
of the upper chamber in position in the outer chamber. The main length of intestine was returned 


PH. CXX. 


| 
ae 
| 
chamibes al | 
Ground-glass : 
A 3 
Nippled 
pro} | 
D 
chamber 
r 
Gut Gut 
| 
‘4 
| 


66 G. WISEMAN 


to the Petri dish. This was repeated until all three segments were in position on the circulation 
unit. The time taken to attach the segments on to the apparatus, subsequent to killing the animal, 
was about 5-10 min. 

Experimental procedure. The outer chamber, containing a measured amount of racemic amino- 
acid solution (about 25 ml. prepared as described below) was submerged in a water-bath to the 
level of the ground-glass joint. After the last intestinal segment had been tied in position on the 
circulation unit the upper chamber was rapidly emptied of control circulation fluid and a measured 
volume of the same solution as used for the outer fluid was poured into the upper chamber. As the 
inner circuit always retained some residual control circulation fluid a measured sample of inner 
fluid was taken at the beginning of the perfusion (time being allowed for mixing) to give the initial 
inner concentration. The upper chamber was then fitted into the outer chamber and the perfusion 
of the intestine continued for 1 hr. At the end of the experimental period the inner and outer 
fluids were drained into 50 ml. graduated cylinders and their final volumes noted. Samples of 
initial and final inner and outer fluids were analysed for amino-acid concentration as described 
below, control circulation fluid being used for blank estimations. 

Intestinal extracte for use in the experiments on glutamic and aspartic acide. After the last 
intestinal segment had been placed in position on the circulation unit, a piece of intestine, about 
500 mg (wet weight), was dropped into 0-5 x-HCl and left for about 5 min. It was then cut open, 
dried with filter-paper, weighed (using a torsion balance), and then transferred to a mortar 
containing washed Calais sand and ground until a smooth paste was obtained, 4 ml. 0-5 x-HCl 
being added during the grinding. The ground material was then centrifuged and the supernatant 
heated in a boiling water-bath for a few minutes. The extract was then brought to near neutrality 
using strong NaOH, the increase in volume being noted. The same procedure was adopted to 
obtain intestinal extracts at the end of experiments using either glutamic acid or aspartic acid. 
The glutamic acid or aspartic acid contents of these extracts were estimated using the methods 
described below. 

Mucosal shedding. No histological investigation was carried out. Some small amount of debris 
appeared in the inner fluid by the end of most experiments. The final inner and outer fluids were 
filtered through Whatman no. 4 filter-paper. | 

Volume measurements. A measured volume of fluid was introduced into the outer chamber. 
The initial inner volume was estimated from the known amount introduced into the upper chamber 
and the degree of dilution after mixing (see experimental procedure). The final volumes were 
measured to the nearest 0-5 ml. by drainage into 50 ml. graduated cylinders. 

Circulation flwid. The inner and outer fluid was a Krebs-Ringer bicarbonate solution made up 
according to directions given in Umbreit, Burris & Stauffer (1949, p. 119), and to this was added 
glucose to give a glucose concentration of 0-2%. This solution was equilibrated with a gas mixture 
containing 95% O, and 5% C0,. 

Amino-acids, Commercial samples of racemic amino-acids were used without further purifica- 
tion. The appropriate amount of racemic amino-acid was dissolved in control circulation fluid, 
filtered to remove any undissolved amino-acid, and the solution equilibrated with the gas mixture. 

Analytical methods. (a) The L-isomers of alanine, phenylalanine, methionine and isoleucine 
were estimated manometrically using the L-amino-acid oxidase found in the culture medium from 
Neurospora crassa (Bender & Krebs, 1950), which was grown as described by these authors and 
a dry preparation made by the method of Burton (1951). The details of the procedures were as 
given by Gibson & Wiseman (1951). (6) The t-isomers of glutamic acid and of histidine were 
estimated manometrically by using bacterial decarboxylases which were prepared and used 
according to Gale (1941). (c) L-aspartic acid was estimated manometrically by the method of 
Krebs (1951). (d) The p-isomers of alanine, phenylalanine, methionine and isoleucine were 
estimated manometrically using the D-amino-acid oxidase of pig kidney prepared as suggested by 
Bender & Krebs (1950). The details of the procedures were as given by Gibson & Wiseman (1951). 
(e) Total methionine was estimated by the specific colorimetric method of McCarthy & Sullivan 
(1941). (f) Glucose was estimated by the colorimetric method of Nelson (1944). 
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RESULTS 
Amino-acids. Table 1 shows the concentration of the isomers of amino-acids 
in the inner and outer fluids at the start of the experiment and after 1 hr 
perfusion of the intestine with the racemic amino-acid concerned. Except for 
glutamic and aspartic acids the L-isomer concentration fell in the inner fluid 
while rising in the outer fluid, suggesting that the transfer across the intestinal 


Taste 1. Concentration of amino-acid in inner and outer fluids at start of experiment and after 
1 hr perfusion of the intestine. The initial and final ratio of the outer concentration to the 
inner concentration of each isomer is also given (I =initial; F =final). 


Amino-acid concentration (umole/ml. 

L-lsomer D isomer Concentration ratio 

Inner Outer Inner Outer L-isomer -isomer 

1 Alanine 40 25 44 564 38 38 43 42 ll 22 1-1 Il 
2 37 20 40 56 35 35 38 40 ll 28 11 11 
3 34 18 38 61 34 32 38 38 ll] 34 11 1-2 
4 Phenylalanine 45 20 45 66 39 40 39 39 10 33 10 10 
5 43 30 46 62 36 32 38 3-7 1-1 21 IL-l 12 
6 46 35 49 59 39 34 42 39 1-1 17 Ll 12 
7 Methionine 47 35 48 67 43 40 45 44 10 19 11 Il 
8 46 33 49 66 42 41 45 446 ll 20 11 Il 
u 48 31 49 63 45 47 45 47 ll 20 10 10 
10 Histidine 43 32444 66 — 
ll 47 38 49 67 —- — — 10 — 
12 45 34 47 62 —- — 10165 — 
13. “ Isoleucine 39 31 39 48 38 38 37 38 10 16 10 10 

14 35 30 38 44 33 35 35 3-7 11] 15 13 bl) 

15 356 30 35 42 34 38 34 35 10 14 10 O09 
16 Aspartic acid 40 32 46 bl — 
17 41 344639 -— —- —- — ll 12 — 
18 4 $36 47 44 —- —- —- — hl 13d — 
19 Glutamic acid 35 29 39 35 — — —- — ll 2 —- — 
20 $33 29 37 33 —- — lili 
21 31263430 —- — 12 — 


. mucosa took place against a concentration gradient. This did not occur with 


those p-isomers examined. In the case of glutamic acid and aspartic acid the 
concentration of the t-isomer fell in both the inner and outer fluids during the 
experimental period. The p-isomers of glutamic and aspartic acids were not 
estimated. Table 1 also gives the initial and final ratio of the outer concentra- 
tion to the inner concentration for the L-isomer in all cases and for the D-isomer 
where this was estimated. While the concentration ratios for the D-isomers 
show no appreciable change, the values for the L-isomers show a considerable 
increase by the end of the experimental period, except in the case of glutamic — 
and aspartic acids where there is little change. Table 2 compares the estima- 


tions of the L-isomer of methionine made first by the use of the L-amino-acid 
5-2 
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oxidase of N. crassa, and secondly by subtracting the value obtained 
(enzymically) for the p-isomer from the value for the total methionine using 
the colorimetric method of McCarthy & Sullivan (1941). 


and indirectly (I =initial; F =final) 


DL (by D (enzymically) (from - -D) L (enzymically) 


Inner Outer Inner Outer Inner Outer Inner Outer 
7 Of2 75 94 112 43 40 45 44 490 35 49 68 47 35 48 67 
9 O95 77 O91 1b6 45 47 45 47 560 30 46 68 48 31 49 63 


Tastx 3. Initial and final glutamic or aspartic acid content of the whole intestinal wall. The 
expected final concentration is the minimum concentration of the amino-acid that would be 
present if all the amino-acid lost from both fluids had been concentrated unchanged in the 
intestinal wall 


Free ic acid content in Free 3 acid content in 
aspartic experi- 


ments using aspartic acid 
(umole/g) (umole/g) 
2-4 0-5 10-8 
o 1-1 0-7 i 10-7 
ll 1-5 6-9 0-8 0-6 116 


The possibility of glutamic acid or aspartic acid being concentrated 
unchanged in the intestinal wall was investigated. Extracts of the whole 
intestinal wall, obtained as described above from prepared intestine after the 
last segment had been placed on the circulation unit, were examined for 
glutamic acid or aspartic acid content. These results were compared with those 
obtained from a sample of whole intestinal wall after glutamic acid or aspartic 
acid had been used in the perfusion. No marked difference was found. The 
glutamic acid or aspartic acid lost from the inner and outer fluids during the 
perfusion was not recovered in the intestinal extracts. Table 3 shows the 
amount of glutamic acid or aspartic acid found in the intestine, and also the 
estimated amount that would be present in the intestine if all the amino-acid 
lost from the inner and outer fluids had been concentrated unchanged in the 
intestinal wall. 

Glycose. In those experiments where glucose concentrations were estimated 
the results are shown in Table 4, together with the estimated amount of 
glucose disappearance from inner and outer fluids. In all cases there was 
a considerable loss of glucose from the inner fluid during the hour, while the 
outer concentration did not rise greatly or on occasions fell. The estimated 
glucose disappearance shows relatively little variation. 
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Water transport. The volume of water transported from inner to outer fluid 
was small, and rarely exceeded 2 ml. (in most experiments the volume increase 
in the outer fluid being about 1 ml.). No special tests were carried out to 
eliminate the presence of leaks. . 


Taste 4, Glucose concentration in inner and outer fluids in some of the experiments shown in 
Table 1, together with the estimated total glucose loss from both fluids 


Glucose (mg/100 ml.) 
I 
Expt. Initial Final Initial Final (mg/hr) 
5 113 210 212 23 
8 212 130 214 22 
9 123 218 196 34 
14 232 120 240 208 40 
15 207 136 205 178 28 
20 208 98 209 240 25 
21 198 115 198 201 22 
DISCUSSION 


These results demonstrate the ability of the perfused isolated small intestine 
of the rat to transfer the L-isomer of some amino-acids across the intestinal 
barrier against a concentration of the amino-acid concerned. In the case of 
histidine the method of estimation is specific for the amino-acid itself. In the 
methionine experiments, if one accepts the assumption that there is no other 
D-amino-acid than D-methionine, then the results obtained by subtracting the 
amount of the D-isomer from the total methionine (estimated by the specific 
colorimetric method) gives values for L-methionine as such. These values for 
L-methionine are compared (Table 2) with those obtained enzymically in two 
experiments and show very good agreement. In the experiments using 
alanine, phenylalanine and isoleucine the methods of estimation are specific 
only for the stereochemical configuration and not for the individual amino- 
acid, but in view of the results obtained with histidine and methionine these 
results are interpreted as a transport of the amino-acid against a concentration 
gradient, These results confirm for these amino-acids the presence of an active 
mechanism previously suggested by Gibson & Wiseman (1951). These workers, 
using loops of intestine in anaesthetized rats, observed that when racemic 
mixtures of the above amino-acids were studied the L-isomers disappeared 
from the loop faster than the D-isomers. Comparison of the concentration 
ratios with the rate of disappearance of the L-isomers of the corresponding 
amino-acids in the loop experiments shows an apparent discrepancy in the 
case of histidine and methionine. Although these two amino-acids gave the 
fastest rate of disappearance of the L-isomer in the loop experiments they did 
not give the highest concentration ratios. The loop experiments were, however, 
in vivo experiments and the rate of removal of these amino-acids from the 
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blood is considered to be the most likely factor causing this dissimilarity in 
comparative intestinal activity. 

The results for glutamic acid and aspartic acid, under the conditions of the 
experiments, showed the inability of the small intestine of the rat to transfer 
these amino-acids against a concentration gradient. This suggested the possi- 
bility that the intestine was concentrating the amino-acid intracellularly. The 
ability of tissues to contain more amino-acid than is present in plasma was 
first shown by Van Slyke (1913) and the ability of cells to concentrate 
L-glutamate from surrounding medium has recently been described by Stern, 
Eggleston, Hems & Krebs (1949) using slices of guinea-pig brain (cortex). Also, 
Johnson & Bergeim (1951) have suggested the ability of red cells to concentrate 
phenylalanine, tyrosine, methionine and threonine in im vivo experiments. 
On the other hand, Schwerin, Bessman & Waelsch (1950), using rats and mice, 
were unable to show concentration of L-glutamate by the brain in in vivo 
experiments. In the above experiments, as shown in Table 3, an extract of the 
intestinal wall after perfusing. the gut with either glutamic acid or aspartic 
acid did not reveal a marked increase in the free content of the amino-acid 
concerned, the lost amino-acid not being recovered. The inability of the 
intestine to transport glutamic acid against a concentration gradient falls in 
line with the results of Dent & Schilling (1949) who, in in vivo experiments on 
dogs, found that the rate of increase of glutamic acid in the blood after feeding 
casein was lower than expected. The loss of glutamic acid and aspartic acid 
from the experimental system as a whole is also not unlikely in view of the 
ability of most tissues to metabolize these materials. The more rapid dis- 
appearance of the L-isomer when racemic glutamic or aspartic acid is intro- 
duced into a loop of intestine could be accounted for by the greater rate of 
metabolism of these forms, together with the greater ease of transport of the 
L-isomers with the concentration gradient. It is possible that some glutamic 
acid and aspartic acid had undergone transamination during the perfusion of 
the intestine with these amino-acids. As glutamic acid and aspartic acid are 
particularly active in transamination systems (Braunstein & Kritzmann, 1937; 
Cohen, 1939) this seems a likely explanation for the overall loss of — 
and aspartic acid during the experimental period. 

The amount of water transported from inner to outer fluid was 1-2 ml. This 
was considerably less than that found by Fisher & Parsons (1949a), their 
higher values probably being due to the greater distension pressure used. These 
authors found it necessary to use about 35cm H,O pressure to overcome 
marked peristaltic movements, but in the experiments described above the 
distension pressure was only about 17 cm H,0, the slight stretching of the gut 
when attaching it to the circulation unit preventing marked muscular activity. 

The estimated total amount of glucose disappearing during the experiment 
from both inner and outer fluids was fairly constant and not markedly different 


» 
> 
> 
4 
‘ 


ABSORPTION OF AMINO-ACIDS 71 


from that found by Fisher & Parsons (19496). The change in concentration of 
glucose in the outer fluid after 1 hr is of the same order in the above experi- 
ments as in those of Fisher & Parsons (19495) when using ileal segments, the 
final concentration in the outer not always being above the initial outer 
concentration, although always much higher than the final inner concentration. 
This is probably due to the greater metabolic activity of the mucosal region, 
which in some of the experiments masks the ability of the intestine to raise 
the concéntration of the outer fluid while lowering that of the inner. 


SUMMARY | 
1, An apparatus for absorption studies using isolated rat small intestine is 
described. 


2. Transport of the L-isomers of alanine, phenylalanine, methionine, 
histidine and isoleucine against a concentration gradient is demonstrated. 


3. Transport of the D-isomers against a concentration gradient could not 
be obtained. 


4. Glutamic acid and aspartic acid were not transported against a concentra- 
tion gradient. 

5. The glutamic acid and aspartic acid lost during the perfusion of the 
intestine could not be recovered as free amino-acid from the intestinal wall. 


The author wishes to thank Prof. D. H. Smyth for his interest in this work. He also wishes to 
thank Mr J. W. Hadfield for help in the design and production of the circulation units, and 
Mr K. H. Curtis for experimental assistance. Part of the expenses of this research was defrayed 
by a grant from the Medical Research Fund of the University of Sheffield. — 
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THE EFFECT OF ADRENALINE AND NORADRENALINE 
ON THE LIVER BLOOD FLOW 
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From the Departments of Physiology and Pathology, University of Bristol 


(Received 25 August 1952) 


The control of the circulation in the splanchnic area and liver is a matter of 
considerable importance to the vascular economy of the body. Its investiga- 
tion has been greatly hindered in the past by technical difficulties. There is 
a considerable amount of information available concerning the behaviour of 
the isolated perfused liver (Bauer, Dale, Poulsson & Richards, 1932). Valuable 
experiments have also been performed using blood-flow recorders in the 
hepatic artery and portal vein (Burton-Opitz, 1912). Recently, too, the 
development of the bromsulphalein technique by Bradley and his co-workers 
(Bradley, Inglefinger, Bradley & Curry, 1945) has-enabled observations to be 
made on liver blood flow in man. There is, however, a disappointing lack of 
cohesion in the sum total of available knowledge and much of the published 
work is conflicting. 

The technique of internal calorimetry described recently (Grayson, 1952) 
offers a fresh approach to these problems. A development of Gibbs’s heated 
thermocouple (Gibbs, 1933), it has many advantages in so far as it enables 
quantitative observations to be made without any interference with the blood 
supply of the liver. It is eminently suited to recovery experiments, and the ~ 
presence of the recorders causes no apparent inconvenience to the animal. 
Early observations on liver blood flow (Birnie & Grayson, 1952) have already 
justified the use of the method. Nevertheless the first object of the present 
paper must be to assess more fully its scope and limitations. 

In this investigation of the liver circulation we have been concerned with 
two factors only, namely the effect of circulating adrenaline and the effect 
of changing blood pressure. Previous work has. demonstrated clearly that 
systemically administered adrenaline produces a rise in liver blood flow 
(Burton-Opitz, 1912; Bearn, Billing & Sherlock, 1951), whereas the action of 
adrenaline locally on liver vessels is vasoconstrictor (Burton-Opitz, 1912; 
Bauer et al. 1932). It has been suggested that the initial increase in flow with 
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systemic administration is a mechanical effect of the raised blood pressure. 
We shall produce evidence to demonstrate that this cannot be the full 
explanation and that nervous mechanisms are also involved. | 


METHODS 
Internal calorimetry 

The technique of internal calorimetry has been fully described elsewhere (Grayson, 19522). 
It consists in the measurement of the electric current required to maintain a plus 1° C thermal 
equilibrium in a heater embedded in the tissue. The temperature of the heater is measured thermo- 
electrically. The heat qutput of the wire is given by the equation H =CI*R (where C is a constant, 
I =the current in amperes and R =the resistance of the wire in ohms). It has been shown that 
heat is lost from the wire partly to the circulating blood and partly by direct conduction to the 
tissues. Provided a sufficient length of lead is embedded in the liver, errors do not arise from loss 
of heat conducted back along the wire. 

Equilibrium being established, the formula J*R = k4nré may be applied (where & is the thermal 
conductivity of the tissue, r is the radius of a sphere of equivalent thermal properties to the 
heater, and @ is the temperature increment). For the purpose of these experiments the /* value 
is defined as the square of the current required to maintain equilibrium when @=1. In a situation 
uncomplicated by blood flow, as for example with the recorder embedded in gelatine, the J* value 
is a linear function of thermal conductivity. The fraction J*/k may, therefore, be used as a stan- 
dardization factor (F) for any particular recorder. It follows, too, that thermal conductivity, k, 
is given by the fraction /*/F. 

The determination of the standardization factor, F, has been fully described elsewhere (Grayson, 
1952a). The recorders used in the present work were made to standard dimensions using the same 
‘jig’ throughout. The factor was determined and found to be 110, lower than the factor determined 
for the recorders used by Birnie & Grayson (1952), which were made on a different ‘jig’. Using 
these recorders, therefore, thermal conductivity, k, was obtained by recording the J* value and 
dividing by 110. 

The thermal conductivity of dead liver has been determined using these methods (Grayson, 
19524) and found to be constant within narrow limits. Thus, it has been found that the J* value 
determined after death in the rat or rabbit liver is 0-130-0-135. The figure 0-130 is nearest to the 
true mean and has been used, for convenience, in determinations on the living animal. 

_ The presence of circulating blood produces changes in the apparent thermal conductivity of 
animal tissue. Thus, in the present work, the mean J* value recorded in rat liver in the conscious 
animal under resting conditions was 0-290. If this were expressed in terms of thermal conduc- 
tivity it would mean that the apparent thermal conductivity was 0-290/110 =26-4 x 10-*. But 


_ the true thermal conductivity has been shown to be 0-130/110=11-9 x 10-*, There is, therefore, 


an apparent increase in thermal conductivity due to the presence of circulating blood, of 
14-5 x 10~*. This figure has been termed the conductivity increment (8k) which has been shown 
to be a linear function of blood flow. It may, in practice, be more simply derived using the 
subtracted J* value, that is, the actual J* value recorded less the J* value given by dead liver 
(i.e. 0-130) and dividing this figure by the factor 110. Empirical observations on perfused tissue 
suggest, however, that a correlation factor exists whereby conductivity increment may be related 
directly to volume flow of blood. This factor is 12-5. Thus, flow in ml./ml./sec =8k x 12:5. In 
practice it gives figures for liver blood flow which are of the same order as those published by 
other workers. However, it should be remembered that the factor is empirical and may have to 
be modified in the light of future experience. Meanwhile, it is established that conductivity 
increment itself is a quantitative function of blood flow in the vicinity of the recorder. 

It must be emphasized that measurements using this instrument are purely local. Internal 
gives no measure of total liver blood flow. Evidence will be presented in this paper 
to demonstrate how greatly the proximity of large veasels may modify the figures obtained. For 
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this reason, where results have been converted to blood flow, they have been expressed in terms 
of blood flow per ml. of tissue per min. In the previous paper by Birnie & Grayson the conversion 
was expressed as blood flow per 100 ml. of tissue per min. This is now regarded as misleading, 
suggesting a6 it does a wider sphere of influence than the recorder in fact possesses. 


The implantation of recorders 

Similar methods were used for the rabbit and the rat. Using ether or pentobarbitone sodium 
anaesthesia, a ventral, mid-line incision was made exposing the upper part of the abdominal 
cavity. A broad-gauge hypodermic needle was introduced under one or other skin flap and 
passed subcutaneously around the body until it emerged through the dorsal skin as near the 
mid-line as possible. The recorder was threaded down the needle which was then withdrawn 
leaving the recording end and 1-2 in. of wire free in the abdominal wound. Thus leads for con- 
nexion to the recording apparatus emerged from the dorsum of the animal well away from the 
incision. A small loop was made in the wire 1-1} om proximal to the recorder. 

A suitable lobe of liver was selected and brought out through the incision. An atraumatic 
needle, with fine catgut suture attached, was inserted through the capsule and into liver sub- 
stance, then out again on the side of entry. The recorder was introduced into the liver substance, 
taking care to ensure that the recording end should be as near the centre of the lobe as possible. 
The needle was passed through the loop previously made in the wire and the catgut tied, thus 
anchoring the recorder firmly to the liver. 

The practice of anchoring the recorder directly to the liver has been found preferable to the 
earlier methods used (Birnie & Grayson, 1952) where the only anchor was to the abdominal wall. 
It has not. been found to interfere in any way with the results, the liver damaged by the suture 
being 1-14 om from the recording filament. Haemorrhage was usually slight, and subsequent 
scarring was limited to the region of the suture. 

After suture of the abdominal incision, recovery was permitted. In most cases this was 
uneventful, the presence of the recorder and the leads on the dorsum appearing to cause little 
trouble or inconvenience to the animal. 

In many cases the method was applied in the acute experiment. The technique of implantation 
was the same in every respect and the abdomen was closed before proceeding further. 


The test 

For the method of internal calorimetry to be valid the recorder must be surrounded by a 
quantity of tissue sufficient, as it were, to absorb all the heat generated in the filament. It has 
been shown that in a large mass of any given substance, the relation between /* and @ is linear 
over a big range of @. In the rat liver, however, where the total volume available is relatively 
small, as 6 is increased the zone of influence of the instrument may reach beyond the boundaries 
of the liver and heat transference take place across the interface into the surrounding medium. 
In the rat this has a low thermal conductivity and an inflexion appears on the curve relating 
I* and 6, the gradient of which falls off rapidly. 

This forms the basis of a useful test which should be applied at the beginning of each experiment. 
J* values are taken with @=0-5, 1-0, 1-5, 2-0 and 3-0°C. Provided that about 1-5 cm of wire 
are enclosed within the tissue, linear relation over this range may be taken as evidence that the 
mathematical requirements are being fulfilled and that the recorder is adequately embedded. 


Mechanical control of blood pressure 
In some experiments it was required to alter the blood pressure of the animal wi ut the use 
of drugs; in other cases it was desirable to prevent alteration in blood pressure even during the 
infusion of, for example, adrenaline. A mechanical blood-pressure compensating device was used. 
As large a cannula as possible (siliconed polythene tubing was found suitable in later experiments) 
was introduced into @ suitable artery, usually the femoral. The tube was connected to a flask 
containing saline, or in some cases heparinized blood from another rabbit, communicating with 
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a reservoir in which preasure could be adjusted as desired by means of a foot pump and mano- 
meter. For blood-pressure compensation the pressure in the flask was adjusted to the initial 
level in the animal as recorded by a mercury manometer in the carotid artery. During the 
infusion of adrenaline when the animal's blood pressure might be expected to rise, blood passed 
from the animal into the reservoir. On ceasing the infusion, blood from the reservoir returned 
through the femoral artery into the rabbit. By this means general systemic blood-pressure 
changes could be eliminated. 

When it was required to produce mechanical increments in blood pressure without using 
adrenaline or other drugs, the pressure in the compensating bottle was adjusted to a predeter- 
mined level higher than that of the animal; on opening the tap leading to the cannula, blood 
flowed from the reservoir into the animal. The systemic blood pressure rose, and it was thus 
possible to produce changes in pressure similar to those produced by adrenaline. It was equally 
practicable to lower the animal’s blood pressure. With the reservoir at a pressure below that of 


RESULTS 
Blood-flow variations in rat and rabbit liver under conditions of rest 
In a previous paper, Birnie & Grayson (1952) reported observations on the 
liver blood flow of rats using the technique of internal calorimetry. The 
levels of flow reported from individual recorders were remarkably constant 
and conductivity increments ranged from 10-00 to 12-36x 10-*. Day-to-day 
variations in individual rats were usually small; measurements made at the 
same time on different days showed only relatively small fluctuations. 

Table 1 records resting blood flows observed during the present investigation. 
The position of each implant was checked post-mortem and in every case the 
recorder was found to be well embedded. In most instances the validity of the 
implant was further checked by means of the /*/@ test above. It may be 
applied in the living animal but is subject to possible errors from changes in 
blood flow. In practice, with an animal at rest these may usually be neglected. 
But if doubt arises the test may more reliably be applied after death. 

In those cases in which the test was applied the J?/@ relationships were 
linear. The readings obtained in these animals must, therefore, be regarded 
as indicating true conductivity increments. They are consequently linearly 
related to blood flow. 

The wide variation observed between different animals was not regarded as 
necessarily indicating wide variations in total liver flow. It must again be 
emphasized that the readings applied to the small quantities of tissue in the 
neighbourhood of the recorder only. The blood-flow measurements were local 
in nature. Thus, if the recorder were to lodge near a large vessel the reading 
would be considerably higher than readings from regions where there were no 
large vessels. In Table 1 the readings obtained from rats nos. 2 and 22 were 
considerably above average. The animals were subsequently killed and the 
livers examined. The recorders were centrally embedded in large liver lobes. 
No abnormalities were observed: On section, however, in each case, large 
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vessels were seen coursing near the recording filaments. In rat no. 2, a 
particularly large vessel was found in close proximity to the recorder. 
In all cases where observations were repeated under resting conditions over 


_ @ number of days the fluctuations in flow were slight compared with the 


variations shown in Table 1. Measurements from individual recorders were, 
indeed, remarkably constant. It seems probable, that the position of the 


Tasxe 1. Liver blood flow in different rats. First day of implantation 


Rat no (@=1) (x10) (m/l. of tissue/min) 
1 0-300 170 15-5 1-16 
2 0-611 ~ 0880 34-5 2-59 
4 0-320 0-190 17-3 1-29 
5 0-280 0-150 13-6 1-02 
- 0-190 0-050 45 0-34 
9 0-314 0-184 16-7 1-25 


& 


12 0-278 0-148 13-5 1-01 
13 0-240 0-110 10-0 0-75 
14 0-300 0-170 15-5 1-16 
15 0-250 0-120 10-9 0-82 
16 0-220 0-090 8-2 0-61 
17 0-352 0-222 20-2 1-51 
19 0-280 0-150 13-6 1-02 
20 0-350 / 0-220 20-0 1-50 
21 0-300 0-170 15-5 1-16 
22 0-370 0-240 21-8 1-63 
23 0-310 0-180 16-4 1-23 
24 0-295 0-165 15-0 1-12 
25 0-226 0-096 8-7 0-65 
26 0-300 0-170 © 15-5 1-16 
27 0-280 0-150 13-6 102 
28 0-250 0-120 10-9 0-82 
29 0-260 0-130 11-8 0-88 
31 0-340 0-210 19-1 1-43 
Ay. 14-9 1-13 


recorder in relation to larger blood vessels was an important factor in deter- 
mining the level of the reading which was clearly not representative of total 
liver flow. 

Day-to-day variations in liver blood flow. The findings in this respect were 
similar to those previously reported by Birnie & Grayson. Little fluctuation 
was observed in flow measured under similar conditions in resting rats. Several 
livers were sectioned after death. In most cases histological examination up 
to 10 days after implantation demonstrated fibrous changes not more than 
0-23 mm around the recorder. In one rat, however, a progressive decline in 
conductivity increment from 15-9 initially to 10-9x 10~* was recorded, and 
histological examination 10 days after implantation showed extensive fibrosis 
around the recorder. It was considered that the low conductivity increment 


> at the end of this period was due to the low vascularity of this fibrous tissue. 


In another animal a progressive rise occurred in conductivity increment 


' from 13-2 initially to 39-6 x 10-* on the 11th day. It remained steady at about 
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this level until the 17th day when the animal died. Post-mortem examination 
showed the presence of multiple abscesses lining the peritoneum and a severe 
infestation of the liver by an unclassified taenia. 

The importance of these findings in relation to the measurement of liver 
blood flow will be discussed later. 

Blood-flow fluctuations in the rabbit. Similar observations were made on 
conscious rabbits. The mean conductivity increment was 16-3 x 10-*. There 
was no large variation between different animals nor between readings taken 
on the same animal at different times under similar conditions. Using the 
correction factor, the mean blood flow i in the neighbourhood of the recorders 
was 1-22 ml./ml./min. 


A 


Adrenaline 


| 


0 10 2 
Time (min) 
Fig. 1. The effect of subcutaneous adrenaline on liver blood flow in the conscious rat. 
A, control injection, sterile saline; 15 yg. 


The effect of adrenaline in the conscious rat. Most of the experiments were 
carried out with the rat in @ restraining tube made from perforated zinc. 
Fig. 1 shows a typical result. During the resting period no significant fluctua- 
tions were observed. A control injection of sterile saline (Fig. 1A), sub- 
cutaneously into the abdominal wall, was followed by an immediate rise in 
condustivity increment which subsided rapidly, resting levels being reached 
within 2 min. A similar injection of 15g adrenaline tartrate in sterile saline 
(Fig. 1B), was also followed by an immediate rise in flow with a rapid return 
to resting levels. This was followed by a slow, more sustained increase in 
blood flow which reached a maximum in 10 min and then slowly subsided to 
resting levels. 
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The delayed increase in blood flow took place in all experiments where 
adrenaline was injected into the conscious rat (Table 2A). It never occurred 
following saline alone. It must, therefore, be regarded as a true adrenaline 
effect, an increase in blood flow. 

The immediate increase, however, was variable. In some animals it was 
not observed (Fig. 2); in others, as in Fig. 1, it was marked. Usually it was 
only slight. It is possible that when present it was a physiological effect of 
the fear or slight pain accompanying the injection. 

Taste 2. The effect of subcutaneous adrenaline on liver flow in (A) conscious and 
(B) anaesthetized rats (doses = 15-20 ug) 


A. Conscious rat B. Anaesthetized rat 
Max. effect % flow Max. effect % flow 
8k (x10-*) 8k (x10-*) imorease 8&(x10-*) increase 

17-2 20-9 20-8 12-2 13-6 11-4 
28-2 30-9 9-5 13-6 14-5 
25-5 32-7 28-3 24-5 22-7 74 
21-8 25-4 16-5 26-4 173 -34-4 
19-1 22-7 18-8 22-3 22-7 1-7 
19-1 24-5 28-3 16-3 15-5 - 49 
145 19-1 24-1 12-4 11-4 - 80 
141 41-8 12-7 12-7 00-0 
14-5 19-1 24:1 12-7 10-9 -141 
141 29-5 18-2 21:8 16-5 
18-2 21-4 17-6 13-6 165 12-2 
141 18-2 29-0 15-5 15-5 00 , 
10-9 15-5 42-2 10-9 10-9 0-01 

10-0 10-9 9-0 

12-7 12-7 0-0 

18-6. 19-1 2-6 

15-0 14-5 3-3 

— — — 20-9 20-0 - 43 

18-6 19-1 2-6 

pm 15-5 19-1 23-2 

Mean % increase 25-4 ' Mean % increase -1-1 | 
| +35 


The effect of adrenaline on the anaesthetized rat. Table 2B shows the results 
of twenty-two experiments in which adrenaline tartrate was administered 
subcutaneously to rats anaesthetized with open ether. In six cases a signifi- 
cant rise in flow was observed, in seven a significant fall; in the rest no 
significant change occurred. The mean fall was thus not significantly different 
from zero. 

Intravenous administration to the anaesthetized rat, however, produced 
a different picture. Fig. 3 shows the results of an experiment in which 
adrenaline was administered first subcutaneously, secondly intravenously. 
It is seen that on intravenous administration a distinct rise in blood flow 
occurred. Blood-pressure records from this case showed no rise in blood 
pressure during or following the subcutaneous injection but a big rise with 
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Time (min) | 

Fig. 2. The effect of subcutaneous adrenaline and noradrenaline on liver blood flow in the conscious 
ua rat. A, adrenaline tartrate, 10 ug; B, noradrenaline, 20 yg. 
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the intravenous infusion. The blood-flow rise accompanied the rise in blood 
pressure, but was not sustained, dropping towards resting levels whilst the 
infusion and the blood-pressure rise were both maintained. 

In most of the experiments on the conscious or anaesthetized rat blood- 
pressure records were not available. In a different series of experiments, 
however, it was found that the administration of adrenaline in doses of up 
to 20g, subcutaneously, intraperitoneally, or intramuscularly, only oc- 
casionally produced a rise in arterial blood pressure. 


TaBxz 3. The effect of subcutaneous noradrenaline on liver 
blood flow in the rat (dose 20 ug) 


Resting Max. effect % flow 
8k (x10) 8k ( x 10-*) increase Anaesthesia 
23-7 18-2 — 23-2 Ether 
191 19-0 - 05 Ether 
19-0 24-5 + 28-9 None 
19-1 24-3 +273 None 
15-0 11-4 - 24-0 None 
14-1 16-4 +16-2 None 


The effect of subcutaneous noradrenaline on the rat. Noradrenaline had a less 
predictable effect when administered subcutaneously to the rat. The results 
of six experiments are given in Table 3. In three cases there was a significant 
increase in flow, in two a fall (Fig. 2) and in the other experiment no effect. 
It was not possible in this short series of experiments to relate the nature of 
the result to the state of anaesthesia. 


The effect of adrenaline and noradrenaline on liver blood 
flow in the rabbit 
Intravenous adrenaline on the conscious rablut. The actions of adrenaline 
and noradrenaline were investigated on the conscious rabbit. In both cases 
the procedure was the same. The animal was restrained in a specially con- 
structed box. The rabbit’s head and neck protruded through a hole in one 


end; its ears were thus beyond the range of the animal’s scratch reflexes. — 


A needle was inserted into an ear vein, connected to an electrically driven 
constant speed infusion apparatus (Grayson & Swan, 1950), and saline was 
administered for a period of about 10 min at the rate of 0-5 ml./min. Blood 


_ flows were recorded throughout. The infusion was then changed to a solution 


of saline containing adrenaline or noradrenaline and observations continued. 
Finally, the infusion was changed to simple saline. 

Adrenaline administered in doses of 5 g/min for periods of up to 5 min 
produced an initial rise in hepatic blood flow (Fig. 4). This was not sustained 
and, during the period of infusion, the flow returned towards resting levels. 
Similar results were obtained in all cases, there being an initial rise in blood 
flow of up to 50% over resting levels followed by a return towards _— 
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during the infusion. Occasionally, on stopping the infusion, there was a 
decrease in hepatic blood flow below the base-line. 

Intravenous noradrenaline on the conscious rabbit. Noradrenaline in doses of 
5-10 pg/min produced variable diminutions in liver blood flow which were, 
however, sustained throughout the period of infusion. Fig. 4 shows a typical 


Adrenaline Noradrenaline 
1Opghmin 
0 10 20 30 
Time (min) 


Fig. 4. The effect of intravenous adrenaline (5 ug in 0-5 ml. saline per min) and noradrenaline 
(10 wg in 0-5 ml. saline per min) on liver blood flow in the conscious rabbit. 


Laver blood-flow investigations in the anaesthetized rabbit 

For reasons of technical convenience the rabbit was chosen as the most 
suitable animal in which these phenomena might be further investigated. 
Rabbits were anaesthetized in three ways, using ether, pentobarbitone 
sodium (nembutal) intravenously, or urethane. The response obtained did not 
appear to be affected by the type of anaesthetic, and intravenous pento- 
barbitone sodium was preferred for the majority of experiments. 

Some experiments were performed on animals in which the blood-flow 


_ recorders had been implanted some days previously and in which a normal 


conscious response to adrenaline had been demonstrated. In others the 
recorders were implanted at the time of the experiment. 

After implantation (the technique of which has been described previousl 
in this paper) the operative procedure was the same in all cases. A carotid 
artery, usually the left, was cannulated for blood-pressure recording by means 
of a mercury manometer writing on a kymograph. A femoral artery was also 
cannulated for connexion to the blood-pressure compensator already described. 
A femoral vein, usually of the opposite side, was also cannulated to facilitate 
intravenous infusions. In experiments where the depressor nerves were to 
be cut or stimulated these were isolated carefully at the beginning of the 
experiment. 
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The effect of intravenous adrenaline and noradrenaline in the anaesthetized 
rabbit, Fig. 5 shows the effect on blood pressure and hepatic blood flow of 
intravenous adrenaline. Liver blood flow and general blood pressure rose 
simultaneously at the beginning of the infusion. The blood-pressure elevation 
was maintained throughout, but the hepatic blood flow fell after 2} min, 


returning to the base-line despite the elevated blood pressure. In some experi- 
ments there was a further variable drop below the base-line on stopping the 


- 5. The effect of intravenous adrenaline (5 »g/min) on blood pressure and liver blood flow in 
the anaesthetized rabbit. Time interval, 30 sec. 


Noradrenaline infusions in equivalent pressor doses produced a fall in liver — 
blood flow which accompanied the rise in blood pressure and was maintained 
throughout the period of infusion (Fig. 6). In some experiments there was 
a rise in flow above the basal level on stopping the noradrenaline infusion. 

The fall in flow which took place with noradrenaline, in the presence of 
a rise in systemic blood pressure, can only be interpreted as evidence of active 
vasoconstriction in the liver or splanchnic bed. 

Adrenaline and noradrenaline following blood-pressure conspunnnsii. In 
seven experiments the femoral artery was cannulated and connected to the 
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compensating device already described. Fig. 7 shows the effects of a slow 
intravenous infusion of adrenaline in such an experiment. In the first stage 
of the experiment the compensator was used to prevent the blood pressure 
from rising. Adrenaline was administered intravenously and blood rose in 
the compensating reservoir, demonstrating that the adrenaline dose was 


effective, but the liver blood flow fell. The reduced level of blood flow was 
‘maintained throughout the infusion, a return to resting levels occurred on 


stopping the infusion. In the second stage of the experiment the compensator 


bi Noradrenaline 


8.P. compensation 


Fig. 6. The effect of noradrenaline (10 ug/min) on liver blood flow (rabbit) with and | 
without compensation of the blood pressure. Time interval, 30 sec. 


was disconnected from the animal. On giving adrenaline intravenously the 
blood pressure rose in response to the infusion and the blood flow rose 
initially—a typical adrenaline effect. 

Fig. 6 shows the results of a similar experiment using noradrenaline, When 
the blood pressure was permitted to rise noradrenaline produced a small 
decrease in liver blood flow. When the blood pressure was stabilized the same 
dose of noradrenaline produced a very much greater fall in liver blood flow. 

These experiments demonstrate the importance of changes in systemic 
blood pressure in relation to the action of adrenaline in the liver or splanchnic 
bed. They suggest that. whereas the local action of adrenaline and noradrena- 
line in the liver or splanchnic bed is vasoconstrictor the effect of the increased 
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mean“arterial blood pressure is to produce increase in liver blood flow. With 
adrenaline, the blood pressure changes, temporarily at least, prevailed and 
the net result of a slow infusion was to produce increase in liver flow. With 
noradrenaline the local effect frequently predominated and a diminution in 
blood flow resulted. 

The effect of mechanical changes in blood pressure. The above experiments 
demonstrate the importance of general blood pressure in the control of liver 
blood flow. In order to test the importance of these factors, experiments were 
performed in which the blood pressure was varied, using the ‘compensator’. 


18 


Adrenaline 
(5 g/min) 


Fig. 7. The effect of intravenous adrenaline (5 »g/min) with and without compensation 
of the blood pressure. Time interval, 30 sec. 


By adjusting the pressure within the compensator reservoir to a suitable level 
the animal was permitted to bleed into the reservoir, until an equilibrium 
was established at this level. Alternatively, by raising the pressure within the 


reservoir, saline was transfused into the animal and the blood pressure raised.. 


It was realized that these procedures were far from physiological. However, 


the general condition of the animals seemed little affected by relatively brief 


changes in blood pressure of limited magnitude, the subsequent return to 
resting levels of blood pressure being quite remarkable. 
Fig. 8 shows a typical result where the pressor effect of adrenaline was 
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simulated. It will be seen that the blood flow rose initially with the rise in 
blood pressure, then fell whilst the pressure was maintained at a plateau. On 
the return of the blood pressure to normal, the blood flow fell again, rapidly 
at first, to below base-line, then returned to resting levels. 

In all experiments of this kind similar results were obtained. The immediate 
effect of rising blood pressure was to produce a rise in liver flow, but the 


— 
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Fig. 8. The effect of a mechanically induced rise in blood pressure on 
liver blood flow. Time interval, 30 seo. 


The effect of nerve section and nerve blocking on the adrenaline effect. The 
above experiments demonstrated clearly that the increase in hepatic blood 
flow produced by intravenous infusions of adrenaline only occurred when 
there was a rise in blood pressure. In fact the local action of both adrenaline 
and noradrenaline on blood vessels in the liver was vasoconstrictor. The 
above experiments did not show definitely whether the blood-flow increase 
following a rise in blood pressure was a passive effect or the result of a reflex 
action. The fact that the flow increase accompanying a sustained pressor 
effect was transient only (Fig. 5) suggested, however, that the effect was not 
simply passive. In order to study the possible important nerve pathways, 
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experiments were performed using ganglionic blocking agents and detailed 


nerve section. 

The effect of tetraethylammonium bromide. The effect of this drug was investi- 
gated using the rabbit and the rat. A single dose of 25 mg followed immediately 
by a continuous intravenous infusion of the drug into the rabbit produced a fall 
in blood pressure but had very little effect on blood flow. 

Fig. 9 shows the effect on liver blood flow in the rat of an adrenaline infusion 
before and after the administration of a single dose of tetraethylammonium 
bromide. It will be seen that after TEA the effect of adrenaline is markedly 
vasoconstrictor, there being a pronounced drop in liver blood flow with a dose 
that previously produced a rise. 

Similar results were obtained in all such experiments. 


Time (min) 
Fig. 9. The effect of intravenous adrenaline (5 »g/min) flow in the rat. Ether anaesthesia. 
A, before; B, after the administration of tetraethylammonium bromide (5 mg). 


The influence of the carotid sinuses and depressor nerves. It was considered 


that the results with TEA supported the hypothesis that the increased blood — 


flow brought about by pressor doses of adrenaline was reflex in nature. 
Accordingly, experiments were performed in which the depressor nerves 
were cut in the neck and the carotid sinuses isolated from the general circula- 
tion. 

Fig. 10 shows a typical experiment. The left carotid artery was cannulated 
below the carotid sinus for the recording of blood pressure, the right depressor 
nerve was cut and the right carotid artery was clamped. Intravenous 
adrenaline still produced a rise in blood flow which was slow at first. On 
removing the clamp from the right carotid artery there was a continued rise 
in liver blood flow which then subsided in the usual way towards the base-line. 

The left depressor nerve was now cut, and the adrenaline infusion repeated 
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_ with the right carotid artery again clamped. There was now a marked decline 
in liver blood flow. On removing the clamp from the carotid there was a 
slight return towards the base-line. Subsequently the blood flow progres- 

sively declined. Similar results were obtained in all experiments where the 
effect of depressor nerve section and carotid clamping on the adrenaline 
response was investigated. After bilateral nerve section and clamping of 
carotids intravenous adrenaline invariably produced a drop in hepatic blood 
flow. 


Fig. 10. The influence of the carotid sinuses and depressor nerves on reflex responses to adrenaline 
(5 »g/min intravenously) in the rabbit liver. Blood-pressure recording from the left carotid 
artery. Right depressor nerve cut before the record was taken. Time interval 30 sec. 


It was found that with either carotid sinus or with one depressor nerve 
intact blood-pressure elevation usually produced some rise in liver blood flow. 
It was concluded, therefore, that the main increase in liver blood flow 
caused by a rise in blood pressure was reflex in nature, the afferent impulses 
being conveyed in the depressor nerves or carotid sinus, nerves. It was 


impossible in these experiments to assess the relative importance of these 
two pathways. 
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Stimulation of the depressor nerves. In order to demonstrate the relation of 
the depressor nerves to hepatic blood-flow experiments were performed in 
which the depressor nerves were stimulated electrically using an electronic 
square-wave stimulator. It was found that stimulation produced variable 
effects. It was considered that this may have been due to the conflicting 
action of the lowered blood pressure on the other depressor nerve and on the 
carotid sinus receptors. 
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Fig. 11. The effect on liver blood flow in the rabbit of stimulating the right depressor nerve. 
A, before; B, after blood-pressure compensation. The blood-pressure tracing showed no 
change in B. 


The experiments were repeated using the blood-pressure compensator to 
prevent alterations in systemic blood pressure. A typical result is shown in 
Fig. 11. Stimulation of the depressor nerve was accompanied by transfusion 
of blood from the reservoir into the animal demonstrating that the procedure 
was effective. The blood flow in the liver, however, rose. In four experi- 
ments the effect was consistent, and it must be concluded that stimulation of 
the depressor nerve produces vasodilatation in the liver. 


DISCUSSION 
| The measurement of the lwer blood flow 

The technique of internal calorimetry does not measure blood flow in an organ 

directly. The figures obtained enable the apparent thermal conductivity to be 

determined and, hencé, the conductivity increment, which is the apparent 
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thermal conductivity in the living liver less the thermal conductivity of the 
dead liver. Conductivity increment is itself a function of total fluid movement 
within the zone of influence of the recorder. In such a structure as the liver it 
may be assumed that the greater part of the total fluid movement is made up 
of blood flow. This does not mean, however, that the results obtained neces- 
sarily indicate blood flow through the whole liver; it can only be claimed that 
they indicate blood movements within a certain small volume of the tissue. 

The scope and limitations of the method in investigations of the liver blood 
flow are clearer now than initially. One point which can scarcely be over- 
emphasized is that the measurements are strictly local. There is no question 
of measuring total liver flow. The wide scatter in recorded conductivity 
increments (4-5-34-5 x 10-*, Table 1) and the demonstrated importance of the 
situation of the recorder with respect to large vessels emphasize this point. 
Even so, it is interesting that the mean of flows recorded for the rat under 
resting conditions in the present work is 1-13 ml./ml. of tissue/min. This may 
be compared with the figures for mean hepatic flow of 100 ml./100 g of 
tissue/min using the bromsulphalein technique in the human liver (Bradley 
et al. 1945), and the figures for the whole liver of 40-90 ml./100 g of tissue/min 
obtained by Grindlay, Herrick & Mann (1941) using thermostromuhrs in 
dogs. The present figure is of the same order. Indeed, this close correspondence 
has been considered in itself to be some vindication of the empirical correlation 
factor 12-5, which was arrived at on the basis of perfusion experiments 
(Grayson, 1952a). | 

In the present series a few high figures (Table 1) raise the mean above that 
obtained in the previous series (Birnie & Grayson, 1952). In other respects, 


however, this investigation bears out the findings reported earlier. Thus the 


day-to-day variation in flow from any given recorder was slight. There was no 
evidence to support the hypothesis of intermittent circulatory activity postu- 


lated by Grindlay et al, (1941), but it is possible that these fluctuations occur _ 
in volumes of tissue too small to be detected by our methods. Although © 


internal calorimetry records only from a limited zone, the diameter of that 
zone may be of the order of 0-3 cm. On the other hand, there was a wide 
variation in flow from different recorders. It was not possible to correlate 
this variation with definite regions of the liver. Thus there was no real evidence 
that flows in the centre of the lobe were any greater than flows at the peri- 
phery; and the variations seen in Table 1 were probably the result of the 
presence or absence of larger vessels in the zone of influence of the recorder. 

For an investigation of the present type such variations arising from the 
local nature of the method are of little importance. In some investigations 
such localized recordings might indeed be of definite advantage. Great care, 
however, would be required in the interpretation of results obtained by this 
method in long-term experiments. The possibility of progressive fibrosis would 
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have to be carefully examined when diminishing flows over a period of several 
days or weeks were recorded. Again the possibility of an inflammatory 
reaction would have to be considered if progressively increasing flows were 
observed. These difficulties are probably capable of solution. Meanwhile, they 
remain an obstacle to the investigation of such problems as liver circulatory 
reactions in hypertension and cirrhosis. 

In the present investigation the method has been found very satisfactory. 
It caused little apparent disturbance, and it was possible to conduct experi- 
ments on conscious animals undisturbed by extensive surgical procedures. 

In the conditions of an acute experiment it was equally suitable. There was 
no interference with the liver circulation, the operative trauma was minimal and 
the animals were in good condition at the beginning of the observations. 


The effect of adrenaline and noradrenaline on the liver circulation 

A comprehensive review of all the work published on this subject is beyond 
our present scope. Some of it is, however, outstanding. The experiments of 
Burton-Opitz (1912) are, perhaps, of especial significance in relation to the 
present work. Using mechanical stromuhrs in the hepatic artery of dogs, he 
was able to show that the direct action of adrenaline on the liver was to 
constrict the hepatic radicles. However, given systemically, small intravenous 
doses of adrenaline produced simultaneous rises in general blood pressure and 
of blood flow in the hepatic artery. The flow increase did not occur unless the 
pressure rose; he suggested, therefore, that this apparently anomalous effect 
was passive, the mechanical result of increased blood pressure overriding the 
local constrictor action of adrenaline. McLaughlin (1928) similarly found an 
initial flow increase in the liver of rabbits and concurred in attributing it to 
the raised blood pressure. Recently, the work of Bearn ef al. (1951), using the 


‘bromsulphalein technique, has demonstrated that in the human liver an 


increased flow accompanies the intravenous infusion of adrenaline. 

The suggestion that adrenaline might have additional effects in relaxing the 
outflow mechanism was first made by Mautner (1923), and further work by 
Dale (1929) and Bauer et al. (1932) demonstrated the importance of this 
phenomenon in the blood-flow responses to adrenaline of the isolated dog’s 
liver. Small doses relaxed the sphincters controlling outflow. This was con- 
firmed by other workers (Grab, Janssen & Rein, 1929a, 6). With larger doses, 
however, the constrictor action on inflow became of overriding importance. 
In other species the effect on outflow appeared to be less important, and it may 
be significant that the dog is apparently unique in the amount of muscle to 
be found in its hepatic veins. Human hepatic veins are more akin to those 
of the cat (Popper, 1931) in the localization and extent of hepatic vascular 
musculature. 

Our observations confirm much of the work of Burton-Opitz and others. In 
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~ experiments where blood-pressure change was eliminated by means of a 


mechanical compensator an adrenaline infusion produced a marked and 
sustained diminution in blood flow. Unpublished experiments of Ginsburg & 
Grayson, using the same methods, have shown that direct injection into the 
portal vein of rats produces initially a decrease in flow. This is in agreement 
with the findings of other workers. There can be little doubt, therefore, that 
the direct action of adrenaline on liver vessels is vasoconstrictor. In the 
present experiments without blood-pressure compensation in the intact 
animal, both conscious and anaesthetized, intravenous adrenaline produced 
an initial rise in liver flow. It was short-lived, however, for the flow returned 
to resting levels within a few minutes even when the adrenaline infusion was 
continued. However, conductivity increment, which was the basic measure- 
ment, does not distinguish between inflow and outflow. It might, therefore, 
have been argued that the initial rise in flow was due to the direct dilator action 
of adrenaline on hepatic sphincters, to the relaxation of the hepatic veins and 
a consequent increased outflow. It was not, however, obtained when the 
blood-pressure compensator was used. It could not, therefore, have been due 
to the direct action of adrenaline on hepatic sphincters or other vascular 
elements in the liver. 

There can be little doubt from these experiments that an increase in blood 
pressure was necessary for the production of the initial increase in liver blood 
flow. In this respect our findings agree with those of Burton-Opitz (1912). 
But the flow increase was short-lived; though the blood pressure remained 
elevated the flow returned towards the base-line. The effect on flow cannot, 
therefore, have been purely passive. Moreover, the initial increase in flow was 
prevented by section of the depressor nerves and clamping of the carotid 
arteries. The integrity of nerve pathways is consequently as important as an 
elevation in blood pressure for the development of the response. The final 
level of flow may have been determined in part by mechanical factors, but the 
initial rise must be regarded as a nervous reflex response. Indeed, the nerve 
section experiments suggest strongly that the carotid sinus nerves and the 
depressor nerves, in the rabbit at least, constitute the afferent pathway. 
A similar reflex response to blood pressure has been demonstrated in the 
human bowel (Grayson, 19526). In this region the effects of blood-pressure 
change were more long lasting and it was suggested that they were of impor- 
tance in the nervous regulation of peripheral resistance. 

No such hypothesis can be advanced in explanation of the present findings. 
The dilator response in the liver was too transitory to be strictly comparable 
to the bowel responses. Whether the quick return to resting levels was a mani- 
festation of adaptation in the carotid sinuses and aortic arch receptors, 
whether it was significant of some local controlling mechanism in the liver or 
whether other factors were involved remains to be determined. The question 
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is complicated by the double blood supply of the liver, and until further 
information with respect to the relative behaviour of the portal and hepatic 
radicles is available, further speculation would be ill-advised. 


The experiments do, however, explain in part the failure of subcutaneous 


_ injections of adrenaline to produce liver blood flow increases in the anaesthe- 


tized rat; for in this species, in other than the lightest stages of anaesthesia, 
this procedure does not raise the blood pressure (unpublished observations, 
Grayson & Ginsburg). 

The experiments described in this paper thus demonstrate the presence of 
two conflicting mechanisms which come into play to determine liver blood 
flow when adrenaline or noradrenaline is administered to an animal. First, 
there is a local constrictor action on the liver vessels, and secondly a reflex 
action due to the raised blood pressure acting through the carotid sinus and 
aortic arch receptors. With intravenous adrenaline the reflex effect pre- 
dominates at first and the net effect is to increase liver flow. With nor- 
adrenaline the balance is more even, although, usually, the local effect on 
the liver is dominant and overwhelms the systemic dilator effect from the 
outset. | 


SUMMARY 

1. The use of intertial calorimetry in the measurement of liver blood flow 
in the rat and rabbit has been investigated. Subject to precautions detailed 
in the text, conductivity increment was found to be a reliable index of blood 
flow around the recorder. 

2. In the conscious animal, subcutaneous or intravenous adrenaline 
produced a rise in liver blood flow. 

3. In the anaesthetized animal subcutaneous adrenaline did not affect liver 
blood flow or systemic blood pressure. 

4. The increase in liver blood flow was shown to be mainly reflex in nature, 
initiated by the rise in blood pressure and mediated through the carotid sinus 
and aortic arch receptors. 

5. The local action of adrenaline and noradrenaline on the liver vessels was 
constrictor. 

6. Intravenous or subcutaneous noradrenaline frequently produced a 
diminution in liver blood flow, the local action overriding the reflex dilator 
action of the raised blood pressure. 


We wish to thank the Medical Research Council for defraying most of the expenses of this 
investigation. 
REFERENCES 
W., & Ricuarps, D. W. (1932). The control of circulation 
through the liver. J.-Physiol. 74, 343-375. 
G., Bruna, B. & 8. (1951). The effect of adrenaline and 
blood flow and splanchnic carbohydrate metabolism in man. J. Physiol. 115, 
1. 


| 


J. GRAYSON AND D. H. JOHNSON 


94 
J. J. Observations on temperature distribution and liver blood 


flow in the rat. J. Physiol. 116, 189-201. 


Brapisy, 8. E., F. Brapizy, G. & Conny, J. J. (1945). Estimation of 


in man. J. clin. Invest. 24, 


Biol., N.Y. 
Se Ueber die Griese der Leberdurchblutung. Z. Biol. 
Gras, W., Jansszn, 8S. & Rens, H. (19295). Der Leber als Blutdepot. Berl. Min. Waechr. 8, 1539. 
pres SS (19522). Internal calorimetry in the measurement of blood flow. J. Physiol. 118, 


Grayson, J. (19525). Role of the visceral circulation in the vascular of the body. In 
The Visceral Circulation, pp. 236-241. Ciba Foundation. London: Ch 

Grayson, J. & Swan, H. J. C. (1950). Action of adrenaline, noradrenaline and dehydrogocornine 
on the colonic circulation. Lancet, 258, 488-490. 

Gnmeeted. H., Hunzron, J. F. & Mann, F. C. (1941). Measurement of the blood flow of the 
liver. Amer. J. Physiol. 182, 489-496 

Die Bedeutung der Vonen und deren Sperrvorrichtungen fir dan Waser 
haushalt. Wien. Arch. inn, Med. 7, 251-310. 

MoLavoutm, A. R. (1928). J. 
Pharmacol, 34, 147-168. 

Porrzr, H. (1931). Uber Drosselvorrichtungen an Lebervenen. Berl. Hin. Wechr. 10, 2129-2131. 


j 
4 
| 
‘4 
i| 
2 
a Date, H. H. ( a Y some chemical factors in the control of the circulation. j 
it JI F. A. (1983). A th mot 4c blood flow recorder in the form of a needle. Proc. Soc. 
| 
rif 
ae 
| 
| 
€ 
ae 


_ solution which was then diluted with saline. The other substances were prepared in saline in the 


J. Physiol. (1953) 120, 95-104 


ANTIDROMIC VASODILATATION AND INHIBITORS 
OF CHOLINESTERASE 


By PAMELA HOLTON* 
From the Physiological Laboratory, University of Cambridge 
(Received 15 September 1952) 


In a recent investigation of the effect of drugs on antidromic vasodilatation, 
Holton & Perry (1951) found that injection of eserine had the unexpected 
result of reducing the vasodilator response. These observations have now been 
extended to other inhibitors of cholinesterase and a few other drugs; their 
effects on the responses of the rabbit’s ear vessels to antidromic nerve stimula- 
tion and to various other stimuli have been investigated. It was of particular 
interest to see whether inhibitors of cholinesterase affected the dilator action 
of extracts of spinal roots since it is possible that the dilator substance in such 
extracts is identical with the transmitter of antidromic vasodilatation (Holton 
& Holton, 1952). In addition, some experiments are included in which the 
enzymic destruction of the spinal root dilator substance in the presence of 
eserine was studied. 


METHODS 


The methods of recording vasodilatation and constriction in the rabbit’s ear and of preparation 
of extracts of dorsal and ventral roots were the same as those described in earlier papers (Holton 
& Perry, 1951; Holton & Holton, 1952). The ear under observation was chronically or acutely 
sympathectomized to eliminate changes in sympathetic tone during the experiment. When the 
sympathetic fibres to the ear vessels were stimulated in acutely sympathectomized preparations, 
the superior cervical ganglion was placed in the electrode so that stimulation was post- ganglionic. 
Antidromie vasodilatation was obtained by stimulating the peripheral end of the cut great 
auricular nerve. The electrodes were as described by Porter & Allamon (1936). 
Diisopropylflucorophosphonate (DFP) was dissolved in propylene glycol to give a 1% (w/v) 


_ 


usual way. 
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RESULTS 
Eserine, prostigmine and DFP 


These three inhibitors of cholinesterases, which are chemically quite different, — 


all possessed the property of reducing antidromic vasodilatation in the rabbit's 
ear. No phase of potentiation could be detected even when small doses were 
given and the response was tested immediately afterwards; small doses merely 
caused less reduction in the response than larger doses. This is illustrated in 
Fig. 1 in which the effect of increasing doses of DFP is shown. In this experi- 
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Fig. 1. Vascular responses in rabbit's ear (chronically sympathectomized). Effect of intra-arterial 
DFP on antidromic vasodilatation. 5.5 = five shocks applied to great auricular nerve; A, = 1 mg 
tropine intra-arterially ; at A,, 1 mg atropine was given intravenously and the record stopped 


for 10 min. 


ment, DFP was injected arterially and general symptoms of acetylcholine 
accumulation were absent. The injection of DFP itself produced a transient 
dilatation and reduced the effect of subsequent stimulation of the great 
auricular nerve. The cholinesterase inhibitors were equally effective when 
given intravenously. 

In some experiments acetylcholine was tested, and it was always potentiated 
both by arterial and intravenous injection of the cholinesterase inhibitors. 
The responses to other known vasodilators, e.g. histamine and bradykinin, 
and to sympathetic stimulation were unaffected. The vasodilator effect of 
extracts of spinal roots, on the other hand, was reduced, together with anti- 
dromic vasodilatation. Fig. 2 is a record from such an experiment. Intra- 
venous eserine reduced the responses both to antidromic stimulation and 
injected extract. Similar results were obtained with DFP and prostigmine. 
Pe 3 a an experiment in which DFP reduced the response to anti- 

mic stimulation and injected: extract without affecting etic 
vasoconstriction. 


Potentiation of the acetylcholine response usually occurred at the same — 


time as depression of antidromic vasodilatation or the response to injected 
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extract, that is, shortly after giving the cholinesterase inhibitor. In one experi- 
ment the following unusual result was obtained. Ten minutes after eserine 
(1 mg/kg intravenously), acetylcholine was potentiated while spinal root 
extract was still unaffected; 30 min later the response to extract was almost 
abolished whereas the acetylcholine response was back to normal although the 
animal was still twitching. After a further 90 min both acetylcholine and 
extract responses were normal. The response to histamine was not affected at 
any time during the experiment. This delayed depressant effect of eserine was 
not observed again and may be related to the fact that the extract acts mainly 
on capillaries, and that in this preparation the arterioles were constricted. In 


Es. Atr. 


5S 25 mg D 5S 25 mg D 5S 25 mg D 
n 
Fig. 2. Effect of eserine on vasodilator responses in rabbit’s ear (chronically sympathectomized). 
5S =five shocks applied to great auricular nerve; 25 mg D =arterial injection of extract from 
25 mg fresh dorsal roots; Es.=2 mg eserine (intravenously); Atr.=2 mg atropine (intra- 
venously). 


5S ve Symp. DFP SS VP Symp. 
Fig. 3. Effect of DFP on vasodilator and v trictor responses in rabbit's ear. 5.5 = five shocks 
applied to great auricular nerve; V P =arterial injection of extract from 400 yg acetone-dried 
powder of ventral roote; Symp. =10 sec tetanic stimulation of superior cervical ganglion ; 
DFP =200 yg DFP (intra-arterially). a 
this condition of the circulation the eserine may have reached the capillaries, 
where it would antagonize the spinal root extract, only after a' considerable 
interval. Acetylcholine, on the other hand, dilates arterioles which are more 
accessible to the eserine. However, it is doubtful whether the potentiation of 
acetylcholine would depend on such a local action. 

Most experiments were performed after the sympathetic fibres to the ear 
vessels had degenerated. In some preparations, however, the cervical sympa- 
thetic and great auricular nerve (which normally contains sympathetic yg 
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were cut at the time of the experiments; this usually resulted in a very rapid 
blood flow through the ear. In these experiments, the reduction of antidromic 
stimulation and the potentiation of acetylcholine was usually less pronounced 
than in those in which the larger vessels had greater tone. But the experiment 
illustrated in Fig. 3 shows that even in these conditions a marked reduction 
of antidromic vasodilatation may occur after injection of an inhibitor of 
cholinesterase. 

The effects of cholinesterase inhibitors on the vasodilatation in response to 
antidromic stimulation and injection of spinal root extract cannot be explained 
by a fall in general arterial blood pressure such as would be expected when 
acetylcholine accumulates. Antidromic vasodilatation, as recorded in my 
experiments, is remarkably insensitive to blood-pressure changes probably 
because it involves chiefly capillaries. In one experiment this point was 
investigated and the blood pressure of the rabbit lowered from 55 to 20 mm Hg 
by bleeding, but the response to antidromic stimulation was not materially 
altered. In other experiments it was found that cholinesterase inhibitors were 
effective in reducing the dilatation, even after atropine, when no fall in blood 
pressure would occur. 


Fig. Spontaneous recovery of antidromic vasodilatation 
after depression by DFP. 58 =five shocks applied to great auricular nerve, A, before, B, 4 min 
and C, 25 min after arterial injection of 200 ng DFP. The initial vasoconstriction is due to 
stimulation of sympathetic fibres present in great auricular nerve and is particularly pro- 
nounced when antidromic vasodilatation is depressed. 


Restoration of the response. In describing the reduction of antidromic 
vasodilatation by eserine, Holton & Perry noted that the response was 
restored after giving atropine. It is not certain whether this restoration was 
really due to the atropine. In the earlier experiments of this paper, atropine 
was given after the response was depressed and partial or complete restoration 
was observed (Figs. 1 and 2). However, in a series of six later experiments, 
atropine was withheld and in five experiments the response recovered spon- 
taneously in from 10 to 90 min after giving the cholinesterase inhibitor. The 
response could then be reduced again by a further dose of cholinesterase 
inhibitor. Fig. 4 illustrates the spontaneous recovery of the response to anti- 
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dromic stimulation. The recovery seen in Figs. 1 and 2 may therefore be 
independent of the atropine. In Fig. 1, antidromic vasodilatation was in fact 
smaller after the first dose of atropine than before. This further reduction is 
probably not due to the atropine, as by itself atropine does not antagonize 
antidromic vasodilatation. The experiment indicates, however, that even if 
atropine plays a part in restoring the response there is some time-lag before 
4 restoration takes place. Finally, it was found, as mentioned above, that the 
cholinesterase inhibitors were effective in reducing the responses in animals 
which had previously received atropine. 

In all experiments in which both antidromic vasodilatation and the response 
to injected extract were tested, they behaved similarly. 


& 


pD-Tubocurarine 


Inhibitors of cholinesterases have a specific depressing effect on antidromic 
vasodilatation and so it is necessary to reconsider the possibility of a cholinergié 
mechanism. Since curare acts on the motor end-plates by competing with 
acetylcholine, an antagonistic effect of curare on antidromic vasodilatation 
“ combined with the effect of inhibitors of cholinesterase would strengthen the 
hypothesis that acetylcholine is the transmitter. 
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un Fig. 5. Antidromic vasodilatation in rabbit’s ear (chronically sympathectomized). Responses to 
to two shocks applied to great auricular nerve, A, before and B, after 0-9 mg D-tubocurarine 
a chloride (intravenously) when the rabbit had to be artificially ventilated. 


1¢ It is known from the observations of Brown & Maycock (1940) on the cat 
as that curare does not abolish antidromic vasodilatation, but the possibility 
as remained that curare reduced the response. Brown & Maycock could not 
ne 
mn 


exclude this since, in their experiments, the response became smaller even in 
4 the absence of drugs. With the method used in my experiments, it is possible 


8, to record constant responses to antidromic nerve stimulation, and so the 
n- vasodilatation before and after giving curare can be compared. Fig. 5 shows 
he two responses to stimulation of the great auricular nerve, the second one being 
se obtained when sufficient p-tubocurarine chloride (0-9 mg) had been given to 


‘i- paralyse the respiration. It is clear that the response was not — ; 
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Sympatholytic drugs 

Ergotoxine, given intravenously, was found to abolish iF scl vaso- 
dilatation even when sympathetic stimulation still produced a slight vaso- 
constriction (Fig. 6). This property is not shared by all sympatholytic drugs. 
Preparation 7337 (Ciba), for instance, did not affect antidromic vasodilatation 
in doses which abolished sympathetic vasoconstriction. The effect of ergotoxine 
has not been analysed further; it is possible that it is the result of its well- 
known vasoconstrictor action. 


Symp. 


4s Symp. 45 105 


Fig. 6. Vascular responses in rabbit's ear. Effect of 2 mg ergotoxine ethane sulphonate (intra- 
venously) given at HZ on antidromic vasodilatation and sympathetic vasoconstriction. 
48 and 10S =four and ten shocks respectively, applied to great auricular nerve; Symp. = 
tetanic stimulation of cervical sympathetic for 10 sec. 


Enzymic destruction of the spinal root vasodilator substance in the presence 
of eserine 

Inhibitors of cholinesterase reduced not only antidromic vasodilatation but 
also the vasodilator response to extracts of fresh and acetone-dried spinal 
roots. It is conceivable that these drugs might affect the dilator activity of the 
extracts by stimulating or inhibiting the destruction of the vasodilator 
substance. It was shown by Holton & Holton (1952) that acetone-dried 
powders of spinal roots contain an enzyme which destroys their vasodilator 
activity, and it was therefore of interest to examine whether this enzymic 
destruction is affected by inhibitors of cholinesterase. Accordingly, acetone- 
dried powders were suspended in different concentrations of eserine and 
incubated. The activity was compared with control samples which were boiled 
before incubation. The results, which are given in Table 1, demonstrate that 


Tasxz 1. The percentage activity remaining in acetone-dried powders after incubation at 37° C. 
The activity of the control samples, which were boiled before incubation, was taken as 100% 


Incubation Concentration of eserine = 
> 30 <5 <5 <5 <5 
2 30 <20 <20 
5 50-75 - = 50-75 
3 15 20-30 20-30 
30 10-20 - 10-20 
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eserine has neither a stimulating nor an inhibiting effect on the destroying 
enzyme. This confirms an observation briefly reported by Umrath & Hellauer 
(1948). 


DISCUSSION 

The observation that eserine antagonizes antidromic vasodilatation, briefly 
reported earlier (Holton & Perry, 1951), has been confirmed and extended to 
prostigmine and DFP. No matter how small the dose of cholinesterase inhibitor 
or at what interval after its administration the antidromic response was tested, 
no potentiation was observed. These findings are in contrast to those of 
Wybauw (1938) who stated that eserine sometimes augmented antidromic 
vasodilatation. Wybauw used a different technique, and it is often difficult to 
explain contrasting results when they are obtained by different methods. In 
a proportion of his experiments, Wybauw found that eserine potentiated the 
rise of skin temperature produced by antidromic vasodilatation, in response 
to prolonged nerve stimulation, in the cat’s paw. Skin temperature probably 
depends on changes in blood flow and hence on dilatation and constriction of 
arterioles and arteriovenous anastomoses. On the other hand, the brief stimula- 
tion used in my experiments results in an antidromic vasodilatation, as recorded 
by the photocell method, which may be quite independent of increase in blood 
flow. Such dilatation is presumably limited to the capillaries (Hilton & Holton, 
1953, in preparation). So it is not surprising that Wybauw and I should obtain 
results which do not lead to the same conclusions. 

The two main results described in this paper are that inhibitors of cholines- 
terase depress the vasodilator responses (1) to antidromic stimulation of 
sensory nerve fibres, and (2) to arterial injection of extracts of spinal roots. 
It is also clear that this is a more or less specific antagonism: neither sympa- 
thetic vasoconstriction nor the dilatation in response to histamine, bradykinin 
and acetylcholine, are depressed. | 

The possibility that the antagonism can be explained indirectly by circulatory 
changes can be excluded. The effects of the cholinesterase inhibitors were not 
due to a fall in general arterial blood pressure, which would be expected when 
acetylcholine accumulates, because they were also obtained after atropine and, 
in any case, the dilator responses were independent of changes in arterial 
blood pressure. Nor can the antagonism be due to local circulatory changes, 
since eserine usually has no effect on the blood flow through the rabbit's ear 
but nevertheless reduces antidromic vasodilatation (Hilton & Holton, 1953, 
in preparation). 

It is therefore necessary to consider the mechanism of a direct antagonism 
between the cholinesterase inhibitors and the vasodilator responses. The 
question arises as to whether the reduction of the response to injected extract 
is the same or a different phenomenon from the reduction of antidromic vaso- 
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dilatation. The antagonism between cholinesterase inhibitors and the spinal 
root dilator substance must be due to interference with the normal interaction 
of the substance with the receptors on the walls of the blood vessels; this is 
also a possible mechanism for the antagonism of antidromic vasodilatation. 

There is general agreement that antidromic vasodilatation involves the 
liberation of a chemical transmitter with vasodilator properties. The evidence 
in favour of the identity of this transmitter with the vasodilator substance in 
spinal root extracts has recently been discussed (Holton & Holton, 1952) and 
is strengthened by the observations in this paper. The responses to both dilator 
stimuli are reduced by cholinesterase inhibitors and, when they are restored 
either spontaneously or after atropine, they are restored together. The simplest 
explanation is that the antidromic transmitter and the extracted substance are 
identical. On this assumption, the effect of eserine could be considered to be 
analogous to that of atropine or curare on the response to cholinergic nerve 
stimulation. 

It is worth while to recall here that eserine often has a purely depressing 
effect in the central nervous system (Schweitzer, Stedman & Wright, 1939; 
Biilbring & Burn, 1942; Feldberg, 1945, 1950). Although some of these results 
may be due to the accumulation of acetylcholine, it is not certain that this is 
always so. In the experiments of Biilbring & Burn, for example, the knee jerk 
was depressed without any phase of potentiation. It is possible that the 
sensory central transmitter, which, in the monosynaptic knee jerk, is unlikely 
to be acetylcholine, is the same as the antidromic transmitter and hence that 
eserine is acting in the same way in both places. 

On the other hand, if the antidromic transmitter is not the spinal root dilator 
substance, there are several other, possible explanations for the reduction of 
antidromic vasodilatation although none of them accounts for the antagonism 
of the dilator substance in the spinal root extracts. 

The cholinesterase inhibitors might depress conduction in the nerve fibre 
or prevent the release of the transmitter from its endings. Since it was known 
that high concentrations of cholinesterase inhibitors block axonic conduction 
(Toman, Woodbury & Woodbury, 1947), Holton & Perry suggested that the 
terminal nerve twigs might be especially sensitive to these drugs and that con- — 
duction in them might be blocked at the relatively low concentrations that 
antagonize antidromic vasodilatation. Such an unspecific effect, however, 
would probably be manifested on all terminal nerve fibres and is therefore 
unlikely to account for a preferential antagonism of antidromic vasodilatation 
while sympathetic vasoconstriction is unchanged. 

Alternatively, it is conceivable that the cholinesterase inhibitors prevent 
the release of the transmitter from the nerve endings. Their action would then 
be analogous to the effect of botulinum toxin on cholinergic neurones. There 
is so far no evidence for or against this hypothesis. 
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Finally, it must be considered whether the results described in this paper 
have any bearing on the hypothesis that antidromic vasodilatation is cholinergic. 
Two mechanisms have been suggested. In both, it is postulated that acetyl- 
choline is liberated from the nerve endings. It is then supposed either that it 
acts directly on the capillary endothelium or that it releases a second dilator 
substance from the skin cells as proposed by Lewis (1942). If the reduction of 
antidromic vasodilatation by cholinesterase inhibitors is due to prevention of 
destruction of released acetylcholine, it is implied that the response to acetyl- 
choline decreases when it is allowed to persist at the site of liberation. Such 
depression has been observed at the motor end-plate and in autonomic ganglia 
and attributed to depolarization. At these sites the depression is usually 
preceded by a phase of potentiation. The situation at the nerve endings which 
produce antidromic vasodilatation is different. There is no detectable phase of 
potentiation of antidromic vasodilatation after giving a cholinesterase inhibitor. 
Nor is there any evidence that excess acetylcholine can exert a paralysing 
effect either on the capillary endothelium or on the intermediate cells of Lewis’s 
hypothesis. There is therefore no justification for interpreting the effect of the 
cholinesterase inhibitors as evidence in favour of a cholinergic mechanism. 

There is so far no evidence to suggest that the antagonistic action of 
cholinesterase inhibitors on antidromic vasodilatation and the dilatation in 
response to injected spinal root extract is due to preventing the hydrolysis of 
acetylcholine. The observations in this paper support the suggestion of Calma 
& Wright (1947) that these drugs have other pharmacological properties in 
common besides their ability to inhibit cholinesterases. Evidence in favour 
of this proposal was also presented by Brooks, Ransmeier & Gerard (1949) 
who showed that several substances, some of which were well-known cholines- 
terase inhibitors, depressed both the oxygen consumption and the electrical 
activity of nervous tissue but that these actions were independent of inhibition 
of cholinesterase. 

SUMMARY 


1. Eserine, prostigmine and DFP reduce antidromic vasodilatation in the 
rabbit’s ear. No phase of potentiation occurs. 

2. These cholinesterase inhibitors also reduce the vasodilator response to 
injected extract of spinal roots whereas acetylcholine is potentiated and 
histamine is not affected. 

3. It is concluded that these depressing actions of cholinesterase inhibitors 
are not due to prevention of acetylcholine destruction. 


My thanks are due to Dr B. C. Saunders for the gift of DFP and to Messrs Ciba Ltd. for prepara- 
tion 7337. The expenses of this work were defrayed by a grant from the Medical Research Council. 
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RESPONSES OF MUSCLE BLOOD VESSELS TO INTRA- 
ARTERIALLY AND INTRAVENOUSLY ADMINISTERED 
NORADRENALINE 
By A. F. COBBOLD ann C. C. N. VASS 
From the Sherrington School of Physiology, St Thomas’s Hospital, 
London 


(Received 15 September 1952) 


_ There seems to be unanimous agreement in the literature that, when 


administered intra-arterially, noradrenaline constricts the blood vessels in 
skeletal muscle (Folkow, Frost & Uvniis, 1948, the eviscerated hind-limb 
preparation in the cat; Barcroft & Konzett, 1949, man; Wakim & Essex, 
1952, dog). 

Reports differ in regard to its action when given intravenously. Some 
workers found it to have a purely vasoconstrictor effect (Goldenberg, Pines, 
Baldwin, Greene & Roh, 1948, man; Swan, 1949, man; de Largy, Greenfield, 
McCorry & Whelan, 1950, man; Burn & Hutcheon, 1949, cat). Others 
observed that it had a purely vasodilator action (Meier, Gross & Eichenberger, 
1949, cat; McDowall, 1950, cat; Imig, Randall & Hines, 1952, small doses 
(0-2-0-4 »g/kg/min), unanaesthetized dog). A transient dilatation followed by 
constriction has been observed by Wakim & Essex (1952, dog), and Imig e¢ al. 
(1952, 2ug/kg body weight, unanaesthetized dog). 

We have compared the action of intra-arterial and intravenous noradrenaline 
on the blood vessels of the skeletal muscle of the anaesthetized cat. The 
responses differed, but an adequate explanation capable of experimental proof 
has been obtained. 

METHOD 

Blood flow in response to noradrenaline was studied in the hind-leg (thigh) muscles of cats. 
Noradrenaline was administered by intravenous injection into a fore-limb vein via a polythene 
cannula and by intravenous infusion from a constant speed apparatus by the same route. Intra- 
arterial injections and infusions were given into the femoral artery; for this purpose a portion of 
a no. 16 hypodermic needle was sealed to a length of polythene tubing and after insertion into — 
the artery left in situ. For intravenous injection the doses used ranged from 1 to 5 ug/kg and for 

intravenous infusion the concentration was adjusted to give a rate of 1-5 ug/kg/min. To obtain 
a comparable effect with intra-arterial injections and infusions one-tenth of the intravenous 


strengths was used. 
The animals were anaesthetized with continuous ether or intravenous chloralose (70 mg/kg), 


or intraperitoneal pentobarbitone sodium (50 mg/kg), or were spinalized and the brain pithed 
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under ether. A second group of cats was sympathectomized, the sympathectomy being carried 
out 6 weeks prior to experiment, the thoracic and upper lumbar sympathetic chain was removed 
on one side, In addition, some cate were used after acute section of the sciatic nerve and treatment 
with a hexamethonium compound. In some experiments a blood-pressure compensator was 
employed (Delorme, 1951). 

In each animal a hind-limb was skinned and all skin vessels were tied off. Vessels were tied s0 
that the blood collected came from the thigh muscles only. A mass ligature placed round the leg 
at ankle level occluded the circulation of the pad of the paw. The skinned limb was kept warm 
throughout by cloths damped in 0-9 % (w/v) saline. The femoral vein was isolated and cannulated 
proximally and distally using lengths of no. 2 size polythene tubing (Sterivac), filled with heparin- 
saline solution. The proximal cannula was passed steadily up the femoral vein until there was no 


backflow, but the cannula remained filled with blood. The ends of these cannulae were passed 


into 1 cm lengths of flexible Teloothene tubing making connexion with a length of no. 2 polythene 
tubing approximately 50 cm long which served as a flowmeter. When connexion was established 
through the tubing between the two ends of the femoral vein, the clip on the ‘listal portion of the 
vein was removed, blood was allowed to flow, and heparin (1000 unite/kg) was administered 
intravenously. 

By clipping the distal Teloothene join, momentarily disconnecting the flowmeter tubing and 
replacing, a small bubble of air about 1 mm in length was introduced. On removal of the clip the 
bubble travelled forward and, after allowing time for it to attain a steady rate, its transit time 
between two fixed marks was observed, using a stop-watch. A bubble trap may be inserted to 
extract the bubble at the end of the meter, but we have generally allowed the small bubble to 
enter the circulation. No difficulty has been experienced as a result of this procedure since the 
volume of air so admitted is very small. At the end of the experiment the portion of tubing 
between the marks was cut out and its volume calculated from length and diameter, or calibrated 
by direct measurement of the volume of blood contained. Knowing the volume and the bubble 
transit time the rate of flow in ml./min was calculated. 

This type of flowmeter represents a simplification of the type described by Bruner (1948) and 

The method undoubtedly measures only flow through the meter tubing and not absolute flow 
values since the tubing imposes some hindrance to flow. (Thus, whereas the normal resting venous 
flow as measured by the bubble flow averages 0-7 ml./min, if the blood runs out into a beaker 
from a polythene cannula of minimal length the flow averages 3 ml./min.) But it seems reasonable 
to suppose that it collects a constant proportion of the flow from the site studied and may, 
therefore, justifiably be used to examine the effect of agente like noradrenaline upon the extent 
of blood flow. 

The procedure used was to obtain a steady rate of flow and then inject noradrenaline. With 
infusions, the control flow level was obtained ‘using a constant rate infusion machine delivering 
an infusion of 0-9% saline intravenously or intra-arterially as required; then substituting 
noradrenaline made up in saline and infused at the same rate as saline alone, finally replacing the 
noradrenaline solution with saline for a further control period. 

Resistance of the 


Intra-arterial injections 
Intra-arterial injections of noradrenaline (0-01-2-0.g/kg) produced in all cats 
an immediate transient decrease in flow and an increase in vascular resistance 
with no change in the arterial blood-pressure level (Figs. 1 and 2). 
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Fig. 1. Cat, 3 kg. Intraperitoneal pentobarbitone. Intra-arterial injection of noradrenaline 
0-2 ng/kg at N, ; 0-4 ug/kg at N,. From above: mean blood pressure, vascular resistance, blood flow. 
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Fig. 2. Cat, 3kg. Intraperitoneal pentobarbitone. Intra-arterial injection of noradrenaline 
0-1 pg/kg at N,; 0-0l pg/kg at N,. Control injection of 0-9% NaCl solution at S. 


Intra-arterval infusions 
Intra-arterial infusions of noradrenaline (0-01-2-0 .g/kg/min) always caused 
a decrease in flow and an increase in resistance (Fig. 3). This constrictor effect 
persisted unchanged for as long as the infusion was maintained and the time 
of infusion was varied up to periods of about 1 hr. With high doses the venous 


outflow was completely stopped (Fig. 4). 
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intra-arterial infusions 


Noradrenaline (08 pug/kg/min) Saline (0-48 mi./min) | 
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Fig. 3. Cat, 2-5 kg. Intraperitoneal pentobarbitone. Intra-arterial infusion of noradrenaline 
0-8 yg/kg/min. 
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Fig. 4. Cat, 4kg. Intravenous chloralose (70 mg/kg). 
1-88 pg/kg. 
Intravenous injections 


injection of noradrenaline (1-5 ug/kg) under pentobarbitone, 
chloralose or ether anaesthesia produced a consistent pattern of response 
(Figs. 5 and 6). The effect on the blood pressure was uniformly observed. The 
initial rate of flow showed a marked increase coincident with the rise in the 
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blood pressure. This flow increase was rapidly followed by a decrease to below 
the pre-injection level where it remained for a variable period of time after 
the blood pressure had returned to its initial value. The vascular resistance 
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Fig. 5. Cat, 4kg. Intraperitoneal pentobarbitone (50 mg/kg). Intravenous injection of nor- 
adrenaline 2 pg/kg at N. 
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Fig. 6. Cat, 2-25 kg. Intraperitoneal pentobarbitone. Intravenous injection of noradrenaline 
2-2 ug/kg at N. 


usually displayed an initial fall but began to increase above its initial value 
prior to the decreased flow effect (Fig. 5). On occasions the resistance increased 
immediately (Fig. 6). 
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_ The same pattern of response occurred also in the spinal pithed cat and in 
the denervated hind-limb muscles whether after chronic sympathectomy or 
after acute section of the sciatic nerve together with blockade using hexa- 
methonium bromide. Since the initial increase in flow might have been 
a passive effect due to the increased perfusion pressure, the experiments were 
repeated on the cat in which the carotid artery was connected to a com- 
pensating system of the type described by Delorme (1951) to prevent any 
pressure rise. Injection of noradrenaline now produced little or no rise in 
pressure and the initial increase in flow was absent, the response was one of 
pure vasoconstriction with an increased vascular resistance (Fig. 7). 


Mean 
mm 
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Time (min) 
Fig. 7. Cat, 3-25 kg. Intraperitoneal pentobarbitone. Intravenous injection of noradrenaline 
3 ug/kg at N. Blood-pressure compensator in vascular system. ie 


| Intravenous infusions 

The concentration of noradrenaline was adjusted to give a dose level with 
the range 1-5 ug/kg/min. The response of the muscle blood flow to such doses 
consisted of an initial increase in flow which might be short-lived or might 
persist for some minutes; however, the flow then fell to the resting level or 
slightly below despite the increased head of pressure (Figs. 8 and 9). This 
response was typical of cats under various anaesthetics, in the spinal cat and 
in the chronically sympathectomized and acutely denervated limb (Fig. 10). 
The resistance of the muscle vessels was similar to the effects observed with 
intravenous injections except that the increased resistance after the initial 
decrease persisted for as long as the infusion of noradrenaline continued 
and for a variable time afterwards. The time of the infusions was varied 
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from intervals of 5 to 60 min without any alteration of response being 
observed. 


‘Intravenous infusions 
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Fig. 8. Cat, 2-25 kg. Intraperitoneal pentobarbitone. Intravenous infusion of noradrenaline 
2-13 pg/kg/min. 
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Fig. 9. Cat, 2-25 kg. Intraperitoneal pentobarbitone. Intravenous infusion of noradrenaline 
1-06 g/kg/min. 


by compensation (Fig. 11). 
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(0-42 mi fren) 


Fig. 10. Cat, 3 kg. Intraperitoneal pentobarbitone. Chronic sympathectomy, right sympathetic 
chain removed T6—L3. Flow from right femoral vein. Intravenous infusion of noradrenaline 
1-5 pg/kg/min. 


Intravenous infusions 


Saline (0-43 mi./min) | Neredrenaling Saline (0-43 mi./min) 
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Fig. 11. Cat, 3-26 kg. Intraperitoneal pentobarbitone. Intravenous infusion of noradrenaline 
2-6 ug/kg/min. Blood-pressure compensator in vascular system. 


DISCUSSION 
The results presented confirm the work of Folkow et al. (1948), of Burn & 


Hutcheon (1949) and of Wakim & Essex (1952), and show that in the skinned 
limb noradrenaline acts as a vasoconstrictor. This is shown most clearly with 
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intra-arterial administration where the effects are uncomplicated by those due 
to blood-pressure changes, and is supported by experiments with intravenous 
administration where the pressure changes are eliminated by inserting | a 
pressure stabilizer in the arterial system. 

Except for an initial increase in muscle blood flow which accompanied the 
elevation of blood pressure in intravenous injections or infusions, vaso- 
constriction was consistently obtained. The increase in flow cannot be ascribed 
to local vasodilatation since it did not occur following intra-arterial infusions 
or injections. That it might passively follow changes in the pressure head of 
the perfusing fluid, was suggested by its absence when the pressure rise was 
prevented by the insertion of a compensator in the arterial system, whereupon 
the flow-response was identical with that obtained with intra-arterial injec- 
tions or infusions. The possibility of a reflex vasodilatation could be ruled out 
since the initial rise in flow was present in the acutely denervated ganglion- 
blocked leg, in the chronically sympathectomized and in the pithed spinal 
preparation. 

It is suggested, therefore, that the initial increase observed with intravenous 
administration is a passive consequence of the increased perfusion pressure, 
and in this we differ from Meier et al. (1949), who consider that changes in flow 
are largely independent of the blood-pressure increase and attribute little 
importance to this as determining the extent of peripheral blood flow. 

If the relationship between pressure and flow be plotted for a series of 
pressures, the rate of change of flow decreases in the higher pressure range 
indicating that for a small increase in pressure at low pressures there is a 
considerable increase in flow. The rapidly occurring, relatively large pressure 
increment seen on the intravenous injection of noradrenaline therefore tends 
to produce the initial effects observed—an effect which is then overcome by 
the gradually developing constrictor action. The ‘dilatation’ observed, then, 
is not due to the action of noradrenaline on the muscle vessels where its action 
is purely constrictor. 

Vascular resistance as measured by the ratio of blood pressure to blood flow 
usually showed a decrease coincident with the initial increase in flow observed 
with intravenous injections or infusions. This, we believe, reflects the fact 
that the relationship between pressure and flow for small flows is not linear 
(Pappenheimer & Maes, 1942) and the curves expressing resistance record only 
an arbitrary arithmetical relationship. It would therefore appear that for 
brief rapid changes in blood flow the ratio of blood pressure to muscle flow 
is not a true measure of the vascular resistance. 

Imig et al. (1952) state that they obtained an increase in blood flow with an 
intravenous infusion of noradrenaline (0-2—0-4 ug/kg/min) which did not cause 
significant changes in blood pressure; we have not been able to confirm these 
results. 
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SUMMARY 

1. The blood flow through skeletal muscle vessels in the skinned limb of the 
cat under a number of anaesthetics, or in a spinal preparation, or in a sympa- 
thectomized limb, in response to noradrenaline has been studied by a bubble 
flow technique. 

2. Intra-arterial injections (0-01-20 pg/kg) or infusions (0-01-2-0 ug/kg/min) 
cause a decrease in flow and an increase in peripheral resistance. 

3. It is concluded that noradrenaline exerts a vasoconstrictor action in 
respect to skeletal muscle blood vessels. 

4. Intravenous injections (1-5 g/kg) or infusions (1-5 wg/kg/min) produce 
an initial increase in flow followed by a decrease in flow and an increase in 
peripheral resistance. 

5. The initial increase in muscle blood flow is due to the abrupt rise in the 
arterial blood pressure. It is a passive effect; a reflex mechanism is not 
involved. As the constrictor action of noradrenaline develops it causes the 
decrease in flow which follows the initial increase. 


Our thanks are due to Prof. H. Barcroft for the interest and encouragement he has shown during 
the course of this work and to R. Thurlow for his invaluable help. 


REFERENCES 


Bancrort, H. & Konzert, H. (1949), On the actions of noradrenaline, adrenaline and isopropy! 
noradrenaline on the arterial blood pressure, heart rate and muscle blood flow in man. 
J. Physiol. 110, 194-204. 


Brouwer, H. D. (1948). In Methods in Medical Research, 1, pp. 80-89, ed. Porrmr, V. R. Chicago: 
Yearbook Publishers Inc. 
mae H. & Hutongon, D. E. (1949). The action of noradrenaline. Brit. J. Pharmacol. 4, 


pn A. D. M., MoCorry, R. L. & Wuexan, R. F. (1950). The effects of 
intravenous infusion of mixtures of L-adrenaline and L- L-noradrenaline on the human subject. 
Clin. Sci. 9, 71-78. 

Devons, E. J. (1951). Arterial perfusion of the liver in shock. Lancet, i, 259-263. 

Fo.xow, B., Frost, J. & Uvxis, B. ate Action of adrenaline, noradrenaline and some other 
sympathomimetic drugs on the muscular, cutaneous and splanchnic vessels of the cat. 
Acta physiol. scand. 15, 412-420. 

L., Batpwin, E. G. & Rou, C. E. (1948). Hemo- 

man to nor-e epinephrine and its relation to the problem 
of Amer, J. Med. 5, 7 

Inne, C. J., Ranpatt, B. F. & Hoves, H. M. (1952). Effects of epinephrine 
on blood flow through normal of 169 25 

McDowaL, R. J. 8. (1950). The responses of the blood vessels of the muscles with special 
reference to their central control. J. Physiol. 111, 1-18. 

Substanzen. Helv. physiol. acta, 7, 230-266. 


J. R. P. measute of vasomotor ‘tone in hind 
limb muscles of dogs. A J. Physiol. 187, 187-199. 


Swan, H. J. C. (1949). Lancet, ii, 508-510. 
Wax, K. G. & Essex, H. E. (1952). Comparison of the circulatory effects of epinephrine and 
norepinephrine. Circulation, 6, 370-379. 


‘ 
4 
ad 
§ 
‘ 


115 


J. Physiol. (1953) 120, 115-121 


THE NEURAL CONTROL OF SHIVERING IN THE PIG 


By J. H. CORT* anp R. A. McCANCE | 


From the Medical Research Council Department of Experimental 
Medicine, University of Cambridge 


"(Received 29 September 1952) 


For the first few weeks of their lives piglets huddle together in one corner of 
the sty for warmth, and if observed closely, can sometimes be seen to shiver 
convulsively with each inspiration and to lie without shivering in the intervals. 
The same phenomenon has been noticed in young puppies. Barcroft (1934) 
made a similar observation when he was studying men who were lying in a 
cold environment with falling body temperatures, and O’Connor (personal 
communication) has observed inspiratory shivering in anaesthetized rabbits 
on artificial respiration. 

The association of shivering with respiration was brought more forcibly to 
our attention by some experiments in which tracheal catheterization was being 
performed on piglets. It was noticed that animals, 3-6 weeks old, anaesthetized 
with 25-30 mg pentobarbitone sodium (nembutal) per kg body weight, began 
to shiver as soon as the trachea was opened and room air, not previously 
warmed in the upper respiratory passages, was directly inspired. A shiver 
usually followed the first inspiration after tracheotomy, and this suggested to 
us the possibility of a neural, rather than a humeral, mechanism. The following 
experiments were designed to examine this possibility. 


MATERIALS AND METHODS 


Three male and three female piglets, aged 3-6 weeks, weighing 3-6 kg, were lightly anaesthetized 
with 25 mg of pentobarbitone per kg body weight, administered half intraperitoneally, half 
intramuscularly. Young animals were used because the absence of much superficial fat made it~ 
possible to alter their body temperature rapidly when required. The trachea was exposed an- 
teriorly and entered just below the thyroid cartilage. Air entered the trachea through a coil of 
copper tubing and a simple one-way valve system, illustrated in Fig. 1. The valve system, con- 
structed with flat abdominal drainage tubing, reduced partial temperature equilibration in the 
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dead space and thus maintained the applied temperature gradient in the inspired air. The inflow 
to this valve system was from wide bore (# in. internal diameter) coils of copper tubing immersed 
either in an ice-bath or in a Dewar flask water-bath kept at 40° C. The wide bore coil offered very 
little air-flow resistance. Thus, turning the stopcock at D changed the temperature of the air 
applied to the trachea from 40 to about 4° C. 40° C is about normal body temperature for the pig. 


’ Dis large bore stopcock and B is the tracheal insert. 


Both respiration and shivering were recorded pneumographically from an air tube about the 
piglet’s thorax leading to an air tambour in a closed system. The elastic membrane in the tambour 
was affixed slackly to decrease the frequency response and eliminate mechanical reverberation. 
Body temperature was raised by means of lamps and a heating pad wrapped about the animal, 
lowered by removing the source of heat, and recorded by a rectal thermometer which did not have 
@ permanent-reading constriction. Respiration and body shivering were recorded and observed 
_ after the application of cold and warm air to the trachea, at different stages of anaesthesia, and 
before and after bilateral vagotomy. 

RESULTS 


The influence of anaesthesia on shwering 


Anaesthesia to stage III, plane III (Goodman & Gilman, 1941), i in which the 
cornea! reflex is lost, completely obliterated all shivering responses, regardless 
of stimulus or body temperature. On the other hand, in stages I and II there 
was usually violent shivering even at normal body temperatures, combined 
with other involuntary movements of somatic muscles. Only raising body 
temperature well above normal obliterated the shivering complex at this stage. 
The best level for an experiment on the afferent initiation of shivering was 
stage III, plane I, just below the stage of involuntary movement when the 
corneal reflex was still quite vigorous. It is difficult to maintain this stage with 
an injection anaesthetic, but it was felt to be easier to use one than to try to 
combine temperature control and an anaesthetic gas mixture in the same 
sample of inspired gas. After administration of the anaesthetic the animals 
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passed rapidly from stage III plane I to plane III and most of the records were 
made during recovery which takes a much longer time—usually about 45 min. 


Effect of cold air inspired directly into the trachea 

Fig. 2 shows records taken on an ink-writing kymograph. The top row shows 
a record of maximal shivering, which can only be obtained just before the 
animal regains consciousness, in stage I or stage II. When the animal was in 
a stable anaesthetized state, a change from warmed air to either room air or 
cold air through the inspiring valve precipitated rhythmic shivering, usually 
with the next consecutive inspiration. The shivering started either with 
inspiration or at the height of the inspiratory pause, and continued during the 
expiration and about the first quarter of the expiratory rest. The remainder of 
the expiratory rest was quiescent. If the stimulus of cold air was maintained, 
the respiratory rhythm of shivering lasted for 6-15 respirations, and then the 
shivering crescendoed to increased amplitude and became continuous. This 
sequence is shown in Fig. 2B. 


The relationship of body temperature to respiratory shivering 

If the stimulus of cold air was removed after the shivering had been estab- 
lished, the animal went on shivering. Only by raising its body temperature 
could the shivering be stopped (Fig. 2C). With the first inspiration after 
_ application of the cold air, the rhythmic response was initiated. Within several 
inspirations the shivering became more generalized. After about a minute, the 
air input to the trachea was put back to 40°C, and external heating was 
_ applied. Only after the body temperature had risen from 39-0 to 39-5° C 
several minutes later did the shivering stop. The mere cessation of the cold air 
stimulus did not end the reflex movement. Shivering, whether produced by 
this or one of the other possible mechanisms (to be discussed later), could be 
elicited easily only when the body temperature was either normal or below” 
normal. It became progressively more difficult to initiate the response as body 
temperature rose above the normal level. 


The participation of the vagus in respiratory shivering 

Fig. 2D shows the response of the same animal as in C to the same stimulus 
after bilateral section of the vagi. The two records were taken 10 min apart, 
and no change in anaesthetic status had occurred. It can be seen that the 
immediate response of the intact animal was obliterated, and respiration went 
on unchanged without shivering. As the inspiration of cold air gradually 
cooled the blood, the animal began to shiver, but without any respiratory 
rhythm. This shivering was also obliterated only by warming the animal with 
external heat. 
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DISCUSSION 

Two separate mechanisms have been implicated in the initiation of shivering. 
Jung, Doupe & Carmichael (1937) showed that cooling large areas of skin could 
elicit shivering by nervous reflexes from peripheral receptors, while the fall 
of temperature in the venous return from a cooled surface has been itself 
supposed to work on some central receptor to elicit the motor response 
(Uprus, Gaylor & Carmichael, 1935; Glaser & Holmes Jones, 1951). Fulton 
(1949) gives a detailed account of the central organization of the motor 
pathways of shivering, but the observations reported there tell nothing about 
the afferent pathways. The well-known association of the hypothalamus with 
temperature control tempts one to look there for part of the integration of the 
shivering response, but recent evidence is rather contradictory on this point. 
Strém (1950) has reported failure to produce shivering by cooling the hypo- 
thalamus of unanaesthetized dogs, while Forster & Ferguson (1951) irregularly 
produced shivering by cooling the hypothalamus of unanaesthetized cats. 
Until the central loci of integration of shivering are more accurately known so 
that local effects may be directly tested, it must be accepted that both falling 
blood temperature and peripheral nervous afferent sensation of cold can elicit 
the response. 

The experiments reported here seem to indicate the existence of a tempera- 
ture receptor in the walls of the trachea, bronchi or bronchioles, with afferent 
fibres in the vagus, capable of initiating shivering. The trachea and bronchi 
are more probable sites for the receptor than the bronchioles since partial 
temperature equilibration is inevitable at the lower level. Since the inspired 
air gets warmer as it descends into the respiratory passages, opening the trachea 
would have the effect of exposing the mucosa there and lower down to an 
unusually sharp stimulus. This initiated the shivering, but the complex did not 
continue as a simple stimulus-response phenomenon. When shivering became 
continuous, removing the stimulus did not end the response until the body 
temperature had been raised. It did not seem,to matter whether this had been 
done by external means or by the increased production of heat in the muscles. 

This work suggests that there were two phases in the shivering response. 
The initial rhythmic response, which was abolished by cutting the vagi, was 
due to the activity of temperature receptors. If the stimulus continued, the 
response increased and lost its rhythmicity, probably due to a fall in the 
temperature of the blood reaching central loci. The inhalation of cold air 
might be expected to bring this about more efficiently than the exposure of 
the skin to cold, because blood cooled by inhalation would pass more directly 
and rapidly to the central nervous system. 

Since respiratory shivering is so obvious in the normal, unanaesthetized 
young animal, and usually absent in the adult, it may be that the young animal 
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is unable to warm inspired air up to body temperature in the upper respiratory 
passages as efficiently as the adult. 

It may be mentioned that in doing these experiments personal observation 
has been far more informative than the recordings, for shivering is a response 
of the whole body that can best be evaluated only by observing the whole 
animal. 

SUMMARY 

1. Shivering has been initiated in lightly anaesthetized piglets with normal 
or subnormal temperatures by the introduction of cold air directly into the 
trachea. 

2. The first inspiration of cold air produced a short burst of shivering fol- 
lowed by @ pause during the expiratory rest. If the stimulus continued for 
some time the shivering increased in amplitude and lost its respiratory rhythm. 

8. The admission of warmed air into the trachea did not abolish the 
generalized shivering which lasted until the body temperature had been raised. 

4. Cutting the vagus bilaterally obliterated the rhythmic response. 


\ 


4 
Fig. 3. Abnormal respiratory rhythms under deep anaesthesia. " 


ADDENDUM 


The following respiratory abnormalities were sometimes observed at very deep 
levels of anaesthesia (stage III, plane IV): 

(1) Phase reversal—the long pause occurring in inspiration, with a short 
expiratory spike. 

(2) Cheyne-Stokes respiration. 

(3) Alternating respiration—one cycle of low amplitude and long duration 
followed by a cycle of short duration and high amplitude. 

(4) Amplitude coupling and tripling with or without pause— each cycle was 
of equal duration, with series of two or three inspirations of decreasing amplitude. 


All of these rhythms disappeared’ as the animal recovered from deep 
barbiturate anaesthesia. Abnormalities 1, 3 and 4 are illustrated in Fig. 3. 
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Since the susceptibility of nervous tissue to anaesthesia decreases from cortex 
to cord (Goodman & Gilman, 1941) these abnormalities are presumably due to 

the failure of integrating centres above those in the medulla about which at 
present we know nothing. 


The authors would like to express their gratitude to Drs B. teapot a 
assistance in the design and performance of these experiments. 
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SOME OBSERVATIONS UPON ISOLATED PERFUSED 
HUMAN FOETAL HEARTS 


By J. B. E. BAKER 


From the Department of Physiology, Charing Cross Hospital 
Medical School, London 


(Received 29 September 1952) 


There appears to be little previous record of direct physiological experiment 
upon human foetal hearts. Lloyd (1929) investigated the effect of calcium 
concentration upon two hearts perfused by Langendorff’s method, and 
Garrey & Townsend (1948) observed the action of adrenaline, acetylcholine, 
eserine and atropine upon the isolated chambers of one heart. Patten (1949), 
even in a review article on the early heart beat in vertebrate embryos, mentions 
no work on human material. 

In the present series of observations nine hearts were used from human 
foetuses of 16-24 weeks, obtained from operations for the termination of 
pregnancy in women with advanced tuberculosis or cardiac disease. Only one 
foetus had any obvious abnormality in that its aortic valves were so incom- 
petent that satisfactory perfusion by Langendorff’s method was impossible. 

Experiments were made upon whole perfused hearts to determine (i) the 
potency of noradrenaline relative to that of adrenaline in causing increased 
amplitude of ventricular beat, (ii) the qualitative effects of acetylcholine, 
adrenaline, and noradrenaline upon coronary flow, and (iii) whether ouabain 
enhances the action of acetylcholine in slowing the heart. Isolated auricle 
preparations were used to determine (iv) whether acetylcholine or adrenaline 
would start the beat of isolated auricles allowed to beat until they stopped 
spontaneously. 

METHODS 
Foetuses either still in utero or at least with membranes intact were transported immersed in 
NaCl 0-9% (w/v). Upon opening the chest some spontaneous cardiac activity was still visible in 
every instance, varying from feeble slow auricular movements when transport took 2} hr to fairly 
vigorous beating with 3:1 auriculo-ventricular block when transport took only } hr. Excision of 
the hearts and perfusion by the Langendorff method resulted in regular and forceful beats always 
within 20 min and usually within 5 min, the time for recovery not being obviously related to time 
since the operation. Perfusions were maintained at a pressure of 30 cm H,O with Locke’s solution 
at 37° C and equilibrated with 97% O, and 3% CO,, except in the case of three hearts which were 
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perfused with Tytode’s solution equilibrated with 95% 0, and 5% CO,. These three were used 
later for the isolated auricle experiments for which it was desired to duplicate the solution used by 
Bilbring & Burn (1949). 

The apparatus used has already been described (Baker, 195 1), essential features being that the 
heart is kept jacketed at the same temperature as the perfusion fluid. Coronary flow changes 
cannot alter the temperature at which the heart receives fluid, and are measured by drip chamber 
between heart and reservoir of Locke's solution. Recording of ventricular beats is by spring- 
loaded lever on a kymograph. After regular beats were established all hearts were left for 45 min 
during which the amplitude of beat increased steadily and then reached a constant level. Drug 
injections were made in 0-2 ml. NaCl 0-9 % (w/v). Doses of adrenaline and noradrenaline refer to 
the t-isomer base, the salts used being the hydrochloride and the bitartrate monohydrate 
respectively. 

RESULTS | 
Relative effect of adrenaline and of noradrenaline upon amplitude of beat 
Since hearts did not give a constant response to repeated injection of the same 
dose after perfusion for about 2 hr, and since even the smallest dose could 
exert effects lasting for 10 min, it was decided not to compare adrenaline and 
noradrenaline by attempts to obtain closely matched responses but by con- 
structing dose-response curves, with the emphasis on that for adrenaline. 
Amplitude of contraction was measured just before drug injection and again 
at the time of maximal response, and the effect tabulated as percentage 
change in amplitude. The results in Table 1 are from comparisons on four 


TaBLeE 1. Mean increase (%) in amplitude of ventricular beat. 
Bracketed figures indicate number of hearts 


Dems .. 0-006 0-01 0-02 0-05 0-1 0-5 10 
15(3) 25 33 (3)  59(5) 65 (5) 
Noradrenaline 6 (1) ine 27(2) 30(1) 46(1) 78(1) 


hearts, together with results from two more hearts included for the adrenaline 
curve only, since there was no noradrenaline available when they were ob- 
tained. Too few readings were obtained with doses of noradrenaline to provide 
a satisfactory dose-response curve, but by plotting the curve for adrenaline 
and interpolating the responses for the noradrenaline doses it was found that 
noradrenaline was from 3 to 16 times less active than adrenaline upon ampli- 
tude of contraction. Results obtained on one further heart are excluded from 
Table 1 as the sensitivity of the heart was four times that of the others; even 
5 mug adrenaline increased its amplitude by 115%. Noradrenaline was 
28 times less active than adrenaline on amplitude in this heart. 

As regards relative effect of these agents in increasing rate of beat, data are 
not being presented. Under these conditions of experiment the increases of 
rate were so transient that there was no interval of constant rate long enough 
to yield a reliable count. Even by choosing a set interval, namely the half 
minute immediately following the onset of effect, results were so inconsistent 
that counting was abandoned. 
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Since the human foetal hearts gave measurable responses with injections of 
as little as 5 myg of adrenaline the question arises whether this great sensitivity 
is something peculiar to the foetus or whether the adult heart would behave 
similarly. It was thought that suggestive evidence might be obtained from 
comparing foetal and adult heart responses of other species, since suitable 
adult human hearts were unlikely to be obtained. Upon the hearts of two 
pregnant cats and those of their six foetuses (a week before the expected end 
of gestation) adrenaline was equally effective upon rate and amplitude and the 
coronary vessels were dilated. However, in the only experiment so far upon 


Fig. 1. 18 week human foetal heart. Langendorff perfusion. Systole downwards. Coronary flow 
in drops/10 sec. Time marker in minutes. Injection of adrenaline 0-02 ag (A) and noradren- 
aline 0-05 yg (NV) both caused marked diminution of coronary flow. The noradrenaline was the 
Jess effective upon amplitude of beat. 
the hearts of a pregnant guinea-pig and its two foetuses (about 10 days before 
gestation would have been completed) adrenaline was equally effective upon 
amplitude of beat but was less effective in the foetuses upon rate of beat, and 
the coronary vessels were constricted in both. It was possible to observe 
accurately effects upon rate of beat in these experiments because the adrenaline 
effect was prolonged by adding the drug to the reservoirs of perfusion fluid, 
concentrations of 5 and 40 myg/ml. being used. | 


Coronary flow 
Both adrenaline and noradrenaline. diminished coronary flow in seven of 
eight human foetal hearts and usually appeared equipotent in this respect 
though noradrenaline was sometimes the weaker. A typical result is shown in 
Fig. 1. In the remaining one they were either without effect or very slightly 
increased the flow. Acetylcholine 0-1-1-0 ug was saree into four hearts, and 
in every instance it diminished the flow. 


f 


PERFUSED HUMAN FOETAL. HEARTS 125 


Influence of ouabain wpon acetylcholine-induced slowing 
In all three hearts tested acetylcholine 0-1-0-4u.g produced progressively 
greater degrees of slowing whilst the perfusion fluid contained ouabain 
0:2 ug/ml. A typical result is shown in Fig. 2. It is interesting to note that the 


Fig. 2. 24 week human foetal heart. Langendorff perfusion. Systole downwards. Time marker in 
minutes. Upper row, sensitivity to injected acetylcholine. Lower row, increasing effect ppon 
rate by injections of 0-2ug acetylcholine (A) repeated at the minutes as indicated after 
commencing perfusion with ouabain 0-2yg/ml. At 15 min the rhythm became idioventri- 
cular after a brief recovery from the acetylcholine. The idioventricular rate was little affected 


by the acetylcholine at 17 min yet profoundly affected by injection at 24 min. 


effect was quickly apparent whilst the ventricular rate was still under auricular 
control, but that when complete auriculo-ventricular block supervened the 
subsequent injection of acetylcholine hardly affected ventricular rates 
at first. Then, within about 15 min, acetylcholine in the same dose as 
before caused ventricular slowing which was more pronounced upon each 
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Isolated auricles 


After revival by Langendorff perfusion, the auricles from ties hearts were 
suspended in baths of oxygenated Tyrode’ s solution at 29° C. Acetylcholine 
and adrenaline doses had the same effect as upon isolated rabbit auricles. 
Overnight the baths were left at room temperature and during the night the 
auricles stopped beating. When the temperature was raised to 29° C again 
next morning the auricles failed to start beating, even when left for an hour. 
Nor did they start beating when acetylcholine 0-1-1-0 mg was added, either 
when the drug was left in contact for up to 30 min or when the bath was 
washed out and a similar time allowed to elapse. However, two of the auricles 
started beating, feebly but regularly, when adrenaline 0-5 and 1-0 mg was 
added to the baths after acetylcholine had failed to start them and had been 
washed out. Such revived auricles responded to acetylcholine by the usual 
depression and slowing when it was added, and in the absence of adrenaline, 


they soon stopped again. 
DISCUSSION 


Cardiac tissue is more resistant to asphyxia than is generally supposed, and it 
seems to be largely forgotten that Kuliabko (1903) and Ossinowsky (1940) 
claimed to have revived children’s hearts up to 30 and 24 hr after death 
respectively, With the above facts in mind, as well as the well-known re- 
sistance of foetal tissue to asphyxia, it does not seem remarkable that these 
human foetal hearts were easily revived by perfusion only 24 hr after loss of 
maternal oxygenation. However, these hearts when perfused with Locke’s or 
Tyrode’s solution by Langendorff’s method did become obviously and rather 
rapidly oedematous, and this possibly accounts for their responses to drugs 
becoming inconsistent within an hour or two. 

The scatter of the results of adrenaline and noradrenaline upon amplitude 
of beat is wide. It is possibly partly because the foetuses were of varying ages, 
and results upon far more hearts are needed to settle the interesting point that 
sensitivity to noradrenaline may change during development. The dose- 
ee curves for adrenaline and noradrenaline. are also probably not 

The most surprising effect of adrenaline and pothidrenialine on the human 
foetal hearts was that they reduced the coronary flow instead of i increasing it. 
From work upon perfused human hearts and isolated rings of human coronary 
vessels (Cruickshank & Rau, 1927; Kountz, 1932; Kountz, Pearson & Koenig, 
1935; Anrep, 1936) it seems fairly well established that adrenaline usually 
dilates the coronary vessels of the child and adult, though not necessarily 
markedly, and Barbour (1912) found that adrenaline caused only constriction 
of isolated rings of human coronary. arteries. Possibly the overall effect 
changes at some stage of foetal life, for, although in the foetal cats the coronary 
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vessels reacted to adrenaline as in the adult cat, by dilatation, these cat foetuses 
were within a week of birth, whereas the oldest human foetuses were only 
within 16 weeks of birth. It might be argued that changes in rate of beat 
affected the flow, yet late in experiments the flow was sometimes the only 
function which altered in response to injection. Further, Hammouda & 
Kinosita (1926) showed that, in the rabbit heart at least, wide alterations i in 
rate of beat did not affect coronary flow. 

The effect of cardiac glycosides in increasing the slowing of the heart 
induced by acetylcholine or by vagal stimulation has long been known to 
occur in lower animals (Cushny, 1925) and is generally accepted, though Wells, 
Dragstedt, Rall & Ruge (1943) deny that it occurs. It is of particular interest 
because it has never been proved to be due to an effect upon cholinesterase. 

The failure to start any of the three isolated auricles with acetylcholine and 
the success on two of them with adrenaline after their spontaneous cessation of 
beat is not surprising. Biilbring & Burn (1949) found that acetylcholine started 
the beat in fourteen of twenty-two isolated rabbit auricles, but they also found 
that some auricles which were started with adrenaline and then stopped by 
washing it out could not be revived by acetylcholine. 


SUMMARY 


1. The hearts of nine human foetuses of 16-24 weeks have been revived by 
Langendorff perfusion. 

2. In four hearts t-noradrenaline appeared to be from 3 to 16 times less 
active than L-adrenaline upon amplitude of beat. 

3. Both t-adrenaline and L-noradrenaline constricted the coronary vessels 
in seven of eight hearts, and acetylcholine constricted them in all four tested. 

4. Oubain 0-2yug/ml. in the perfusion fluid enhanced the slowing effect of 
injections of acetylcholine. 

5. Of three isolated auricle preparations allowed to beat until they stopped 
spontaneously acetylcholine started none and adrenaline started two. 


I should like to thank Prof. W. J. Hamilton for giving me the hearts from human foetuses. 
The noradrenaline used was kindly given by Bayer Products Ltd. 
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CONTRACTION AND RELAXATION IN THE ADDUCTOR 
MUSCLES OF MYTILUS EDULIS 


By J. LOWY | 
From the Marine Biological Laboratory, Plymouth 
(Received 2 October 1952) 


Contraction and relaxation in the smooth adductor muscles ‘of lamellibranch 
molluscs has been explained according to two opposing hypotheses. The 
‘tetanus’ hypothesis holds that both phasic and tonic contraction are due to 
a tetanus (Ritchie, 1928; Bozler, 1948). In contrast, the ‘catch mechanism’ 
hypothesis suggests that tonus is maintained by special submicroscopic 
structures which oppose changes in length in the manner of a ratchet 
mechanism. On this hypothesis the function of the nervous system is merely 
to initiate and to terminate a state of tonic contraction (Jordan, 1938; 
Nieuwenhoven, 1947). 

To decide between the two hypotheses it would be necessary to show, first, 
whether or not tonic contraction in smooth lamellibranch muscle is due to 
nervous excitation and, secondly, how such a state is terminated. These 
problems have been investigated in the present work by recording the potential 
changes which occur in the adductor muscle of intact animals during phasic 
and tonic contraction. In other experiments muscle preparations were used, 
and it was possible to demonstrate that the activity recorded from the muscle 
of intact animals is due to electrical changes in the muscle fibres representing 
the arrival of nerve impulses. The information obtained by studying the 
relation between electrical and mechanical activity in the smooth adductors 
of Mytilus throws some light on the mechanisms of contraction and relaxation 
in this type of muscle. 


PART I. EXPERIMENTS WITH INTACT ANIMALS 


MATERIAL AND METHODS 


The adductor muscles of Mytilus edulis were chosen for this work because they consist of smooth 
fibres only. In most experiments the posterior adductor has been used as the relatively small 
anterior adductor is not very convenient for experimental purposes. The relations of nerves and 
muscles of Mytilus referred to in this paper are shown diagrammatically in Fig. 1. 

The animals were kept in circulating sea water in tanks at the Plymouth laboratory. 


PH. OXX. 


A 
= 4 4 
7 
1 
j 
“a 


130 J. LOWY 


A great deal of attention was devoted to finding some criterion which would make possible 
a reasonable estimate of the general condition of an animal before it was used for experiments. 
For this purpose the ‘normal’ behaviour of animals was studied by making smoked drum tracings 
of spontaneous shell movements. It soon became evident that much depends on how the animal 
is fixed to a solid support. For instance, holding the animal by inserting a clamp through a hole 
in one shell so affects the adductor muscles that they contract and relax almost rhythmically until 
the animal dies. In the method eventually adopted, quick-drying dental cement was used to fix 
the animal to a rock and to attach a nylon thread to the free shell. In the experiments designed 
to show the condition of animals, the nylon thread was connected to a light isotonic lever writing 
on a smoked drum. 

The most striking difference between animals in good condition and those in poor condition was 
found to be the behaviour of the adductor muscles when the animal is exposed to air. An animal 
in good condition can keep the shells completely and continuously closed for long periods of time, 
whereas an animal in poor condition shows irregular opening and closing movements of the shells 

which continue until it dies. Accordingly, the capacity of the adductor muscles to maintain 
"a prolonged contraction without visible signs of fatigue for at least 24 hr was chosen as the essential 
criterion of good condition. 


thrends 


Fig. 1. Diagram of the relations of the nerves and muscles of Mytilus edulis referred to here. 
OG, cerebral ganglia; PG, pedal ganglia; VG, visceral ganglia; CVC, cerebro-visceral con- 
nective; CPC, cerebro-pedal connective; PPN, posterior pallial nerve; PMR, posterior 
mantle region; PN, pedal nerve; AA, anterior adductor; PA, posterior adductor; PR, pedal 
retractor; ABRM, anterior byssus retractor; PBRM, posterior byseus retractor. 


An animal in good condition was selected and placed into a small glass tank with a supply of 
running sea water. When the shells opened, a small wooden wedge was pushed between them and 
@ strong light used to facilitate the insertion of electrodes along the length of the fibres of the 
posterior adductor muscle (Fig. 2). The wedge was then carefully withdrawn, and, as the adductor 
muscles contracted, the electrodes remained held in position between the shells. To prevent 
slipping of the electrodes on opening of the valves the electrode wires were coiled and attached to 
the edge of the glass bowl with wax. 

Introduction of electrodes into the adductor muscles does not significantly influence the activity 
of the animal. This was shown by comparing smoked drum tracings of spontaneous shell move- 
ments of animals before and after introduction of electrodes into either the anterior or posterior 
adductor muscle, 

For the recording of shell movements, the nylon thread attached to the free shell was connected 
to a spring loaded wheel moving a potentiometer arm (Fig. 2). In this way a constant tension of * 
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about 30g was applied to the thread and, on contraction, the adductor muscles had to work 
against this force as well as against that due to the elastic hinge ligament (about 1 kg/om* 
cross-section of muscle). The voltage changes due to movement of the potentiometer arm were 

The electrodes consisted of short lengths of platinum wire (diameter 0-4 mm), soldered to 
enamelled copper wire and insulated right down to the tip with bakelite varnish. The conducting 
platinum tips were covered with platinum black before each experiment. Tapered glass capillaries, 
filled with sea water, were slipped over the tips of the electrodes and secured by means of wax. 
This was done to prevent the platinum black from being rubbed off as the electrodes were pushed 
into the muscle. The diameter of the tapered tips of the glass capillaries varied from 0-15 to 
0-25 mm and the distance between the two tips was about 4 mm. 


Fig. 2. Diagram showing arrangement for the simultaneous recording of electrical and 
mechanical activity in the posterior adductor muscle of Mytilus. 


The electrodes were connected to the balanced input of an amplifier which was resistance- 
capacity coupled, the deflexion to a rectangular input declining to one-half in 1 sec. Electrodes 
were considered satisfactory when, connected to the amplifier and placed into sea water, no 
artifacts appeared above the noise level (about 5.V at maximum gain) over a test period of 2 hr. 
The amplified electrical changes in the muscle were fecorded on the second pen of the ink-writing 
oscillograph. 

RESULTS 
Phasic contraction 
It was found that as long as the animal is in water the shells open and close 
at irregular intervals. The range of shell movement varies from a fraction of 
a millimetre to the full extent of about 15 mm. The movements of contraction 
and relaxation against the hinge ligament each occupy from 30 sec to 15 min. 
Relaxation is usually gradual and irregular. 

All contractile activity is accompanied by volleys of action potentials. 

A small contraction is associated with electrical activity in the posterior 
9-2 
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adductor muscle which lasts about 10-20 sec (Fig. 3a, at A), whereas large 

contractions are accompanied by volleys which may last up to 100 sec 

(Fig. 3a, at B), The rising phase of phasic contraction is accompanied by 

a large number of action potentials. Potentials also occur during the intervals 

between contractions (Fig. 36, c). As recorded, the largest action potentials 


Fig. 3. Records read from left to right and are all from the posterior adductor muscle of Mytilus. 
Contractions are represented by upward movement in the mechanical record. Spontaneous 
activity of intact animal in water. a, mall contraction indicated at A, large contré@tion 
indicated at B: 1, mechanical record; 2, record of electrical activity; 3, time scale. 6, muscle 
potentials recorded during contraction ; c, muscle potentials recorded during activity between 


measure about 100uV. No significant difference was observed in the nature 


and duration of these potential changes when a direct-coupled amplifier was 
used for recording, or when both electrodes were inserted across the muscle 


mass (instead of along the length of the fibres) or when one was used as an 
indifferent electrode. 
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Tonic contraction 
On exposing the animal to air, the adductor muscles perform a sequence of 
contractions of diminishing size until the shells are brought very close together. 
Small movements of the shells often continue as long as the mantle edge 
remains moist. 
The action potentials recorded during tonic contraction are similar to those 
which occur during phasic contraction. 
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Fig. 4. Spontaneous activity of intact animal exposed to air. Amplification was the same in all 
records, a, muscle potentials recorded after 4 hr of tonus. 5, same, after 26 hr; c, same, after 
132 hr; d, same, after 202 hr. Wote: in (d) the mechanical record is below the electrical one. 


Mechanical and electrical activity of the adductor muscles of animals 
exposed to air has been recorded continuously up to the death of the animals, 
some of which remained closed for nearly 300 hr. Ten such experiments have 
been performed in a rock-hewn cellar at Plymouth, virtually free from 
vibration and under constant conditions of temperature. The results obtained 
in a typical experiment are presented here. 

_ During the first 10 hr of tonic contraction the electrical activity in the 
muscle consists of volleys occurring at a frequency of 5-15/hr and of large 
action potentials, between these volleys (Fig. 4a). In time, the frequency and 
amplitude of the volleys decreases, as does the frequency and amplitude of 
the action potentials between volleys (Fig. 40, c). 
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If, after about 100 hr of continuous exposure to air the animal is placed into 
water, the shells open and the adductor muscle gradually recovers, as indicated 
by an increase in amplitude of the action potentials. However, when the 
muscle is forced to remain in a state of tonus, after about 200 hr the electrical 
activity between volleys ceases almost completely and the shells open at 
frequent intervals (Fig. 4d). This activity is characteristic of an animal in 
poor condition and continues until eventually the valves gape and no more 
action potentials can be recorded. 


Fig. 5. Amplification was the same in all records. @ and 6, opening reflex on placing animals into 
water (indicated at W) after exposure to air for 12 hr. c and d, activity of intact animal in 
water showing spontaneous relaxation. ¢, posterior adductor muscle preparation. Muscle 
responses to prolonged tactile stimulation of visceral ganglia (indicated at V@) when the 
muscle is in a partially relaxed state. 


The opening reflex 
The most convenient way of bringing about the opening reflex for experi- 
mental purposes is to place an animal into water after it has been exposed to 
air for several hours. The shells open within 1-10 min in a more or less pro- 
nounced stepwise manner, and bursts of action potentials occur during the 
actual process of relaxation (Fig. 5a, 6). It was noted, however, that during 
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the course of normal spontaneous activity in water electrical activity is 
markedly decreased on relaxation either after a short period of maintained 
contraction (Fig. 5c), or when the adductor muscle relaxesina rapid and smooth 
manner (Fig. 5d). 


PART Il. EXPERIMENTS WITH PREPARATIONS OF 
THE POSTERIOR ADDUCTOR MUSCLE 


THE NERVOUS CONTROL OF RELAXATION 


The records of potential changes in the intact adductor muscle cannot be 
interpreted unless it is known whether the electrical activity is due to nerve 
or muscle elements. This information could be obtained by experimenting 
with isolated and nerve-muscle preparations of the adductor. However, as 
in most other lamellibranch molluscs, the nerves leading to the adductor 
originate in ganglia which lie right above the muscle (see Fig. 1), and it is 
therefore not possible to dissect a sufficient length of nerve for experimental 
purposes. Of the other muscles of Mytilus the byssus retractors are also 
unsuitable for making nerve-muscle preparations because they are innervated 
by nerves which are rather thin, comparatively short and tear very easily. 
The only suitable muscle is the pedal retractor (see Fig. 1) which is innervated - 
by fibres running in the short, but comparatively thick, pedal nerve. Before 
proceeding with this work, Haidenhain’s Azan stain, silver impregnation and 
intra-vitam methylene blue were used to show that there are no nerve-cell 
bodies in any of the muscles of Mytilus, nor in the wholly smooth adductor 
muscles of Mya arenaria. The detailed results of experiments with preparations 
of these muscles will be described in another paper. It was found that action 
potentials similar to those which occur during spontaneous phasic and tonic 
contraction of the intact posterior adductor muscle of Mytilus could be 
recorded from the pedal retractor of Mytilus and from the anterior adductor 
of Mya arenaria during spontaneous phasic activity, and during contraction 
in response to direct stimulation of the isolated muscles, as well as in response 
to electrical stimulation of their respective motor nerves. The duration of these 
potentials varies from 50 to about 400 msec. On the other hand, the action 
potentials recorded from the pedal nerve of Mytilus were found to be similar 
to those recorded from the fibres innervating the anterior adductor muscle 
of Mya arenaria (cf. Pumphrey, 1938), and their duration is about 10 msec. 
The records obtained during phasic activity of the intact adductor muscle 
strongly suggest that contraction is regulated by the number of muscle fibres 
in action, as indicated by variations in the number and amplitude of muscle 
potentials which accompany contractions of varying extent. Relaxation 
presents @ more complex picture: the occurrence of bursts of action potentials 
during relaxation after a prolonged tonus gives the impression that relaxation 
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is the result of fresh excitation. To find out whether this is what actually 
happens, attempts were made to experiment with preparations of the posterior 
adductor muscle of Mytilus. At first, the electrical and mechanical response 
was recorded in response to electrical stimulation of the visceral ganglia. But 
an excessively large stimulus escape made it impossible to obtain satisfactory 
records of the electrical response of the adductor muscle, and for this reason 
the rather crude method of tactile stimulation was used in the experiments 
desoribed below. 

METHODS 


In order to expose the nervous system, part of one shell was very carefully removed with bone 
forceps (Fig. 6). This figure also illustrates the manner of electrical and mechanical recording, 
which was essentially the same as that described on pages 130 and 131. Such a preparation, 
when placed into a bowl of sea water, remains spontaneously active for several days. 


Top view | Side view 


@ posterior adductor muscle preparation of Mytilus. 


RESULTS 


Relaxation of the posterior adductor muscle can be induced by tactile 
stimulation of the cerebral ganglia, of the visceral ganglia, or of the sense 
organs situated along the mantle edge. 

When the adductor muscle is in a partially relaxed state, a short tactile 
stimulus with the tip of a fine camel-hair brush of the parts of the nervous 
system mentioned above results in immediate contraction accompanied by 
a volley of muscle potentials. Tactile stimulation for several seconds brings 
about contraction first, followed by relaxation and a reduction of the electrical 
response (Fig. 5a). 

When the muscle is in a state of tonic contraction, tactile stimulation of the 


same parts of the nervous system brings about the following results, depending 
upon the manner of the applied stimulus. 
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1. A short stimulus evokes either a volley of potentials only (Fig. 7a, at A), 
or inhibition of the electrical response which is not followed by relaxation 
(Fig. 7a, at B). 

2. results in’ inhibition of the electrical response, 
followed by relaxation (Fig. 7a, at C and D). 


[souv 


Fig. 7. All records from posterior adductor muscle preparations and at. same amplification. 
(SP) denotes spontaneous activity, (V@) tactile stimulation of visceral ganglia when muscle 
is in a-state of tonic contraction. a, effects of a short stimulus indicated at A and 8B; effects of 
prolonged stimulation indicated at C and D. 5, effects of vigorous stimulation indicated at 
VG++. ¢, muscle responses to application of a short stimulus (indicated at VG,), followed 
by prolonged stimulation (indicated at VG +). 


3. Vigorous stimulation evokes a volley of muscle potentials, followed by 
mechanical relaxation as well as by electrical inhibition (Fig. 75). (For this 
type of stimulation a larger brush was used to touch the two visceral or 
cerebral ganglia simultaneously, or to sweep a large area of the posterior 
mantle edge.) 

4. Application of a short stimulus, followed after a few minutes by prolonged 
tactile stimulus, results in a more rapid and complete relaxation (Fig. 7c). 
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These observations suggest that the termination of a state of contraction is 
under nervous control of an inhibitory nature. Relaxation appears to be 
associated with electrical activity only in some cases. Thus, in the intact animal 
action potentials accompany slow spontaneous relaxation but not the occasional 
quick relaxation. The above experiments with adductor muscle preparations 
also demonstrate that relaxation can occur without an outburst of electrical 


NERVOUS CONTROL OF TONIC CONTRACTION 

The finding that tonic contraction of the intact adductor is accompanied by 
electrical activity in the muscle indicates that the maintenance of this state 
is due to nervous excitation, as suggested by the tetanus hypothesis. According 
to this hypothesis, the muscle should not be capable of maintaining a prolonged 
contraction once the nerves leading into it have been cut. When the ganglia 
are removed, the muscle, in fact, remains contracted and begins to soften only 
after about 20 hr. This phenomenon has been considered as the most important 
evidence in favour of the ‘catch mechanism’ hypothesis (Uexkuell, 1929). 
But it was found in the present experiments that, following the extirpation of 
the visceral ganglia, electrical activity in the muscle ceases within a few 
minutes. This shows that the state of affairs during ‘contraction’ of a de- 
nervated muscle and that which exists during normal tonus cannot be 
regarded as analogous, and the question arises as to which parts of the nervous 
system are involved in the maintenance of a prolonged contraction in the 
Mytilus adductor muscle. To investigate this, the muscle was isolated from 
the sense organs situated along the mantle edge by cutting the posterior 
pallial nerves (see Fig. 1) and from the cerebral ganglia by cutting both 
cerebro-visceral connectives. It was found that an adductor muscle ‘de- 
afferentated’ in this manner very rarely relaxes spontaneously but remains 
in a state of continuous tonic contraction until it dies, usually within about 
200 hr. The pattern of electrical activity during tonus is similar to that 
recorded from a muscle in an intact animal except that the volleys occur more 
regularly. It was also noted that relaxation of an adductor muscle with only 
the visceral ganglia attached can still be brought about by vigorous tactile 
stimulation of the ganglia. 

The above observations show that nerve elements in the visceral ganglia 
are responsible both for the maintenance of normal tonic contraction and for 
the initiation of relaxation in the posterior adductor muscle. : 


DISCUSSION 
The experimental evidence presented here strongly favours the tetanus 
hypothesis. Tonic contraction in the posterior adductor muscle of Mytilus is 
due to activity of nerve elements in the visceral ganglia which leads to 
excitation of the muscle according to a definite pattern. Considering the case 
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in terms of the tetanus hypothesis it would appear that during tonus the whole 
muscle is activated by intermittent excitatory volleys and that parts of it are 
in action in the intervals between volleys. Until fatigue sets in there is a 
definite increase in the economy of the muscle as indicated by a decrease in 
the frequency of excitatory volleys. The effects of fatigue are manifested by 
a marked decrease in amplitude of the muscle potentials and by the need for 
more frequent re-excitation of the muscle which eventually loses its capacity 
to maintain a continuous state of contraction. 

On the evidence so far available it is difficult to understand the significance 
of the bursts of muscle potentials which occur during spontaneous relaxation 
of the muscle of intact animals after prolonged contraction. This phenomenon 
could be accounted for by assuming the presence of inhibitory nerves which 
can produce complete mechanical relaxation without reducing the electrical 
response in @ manner similar to that found in the c ean nerve-muscle 
system (cf. Kuffler & Katz, 1946). There is some evidencé for the existence of 
inhibitory fibres in the lamellibranch nerve-muscle system (Pavlov, 1885; 
Benson, Hays & Lewis, 1942), but as yet nothing is known about their mode 
of action. It may be hoped that further studies of suitable lamellibranch 
smooth-muscle preparations and a systematic histological investigation of such 
muscles and their nerve endings will throw more light on this problem. 


SUMMARY | 

1. The spontaneous electrical and mechanical activity in the intact 
posterior adductor muscle of Mytilus edulis has been recorded simultaneously 
and continuously for long periods of time with the animal in water or exposed 
to air. | 

2. Both phasic and tonic contractions of the adductor are accompanied by 
muscle-action potentials. Tonic contraction is associated with intermittent 
excitatory volleys as well as with electrical activity in the muscle during the 
intervals between volleys. 

3. Experiments with preparations of the posterior adductor muscle show 
that nerve elements in the visceral ganglia control the duration and termination 
of a state of contraction. On the present evidence no explanation can as yet 
be given about the mechanism involved in the nervous control of relaxation. 


I wish to express my gratitude to Prof. Gray and to Mr F. 8. Russell for their encouragement 
and interest in this work. I also wish to thank Mr F. G. C. Ryder and Mr F. J. Warren for their 
technical assistance, and Mr B. C. Abbott and Prof. B. Katz for reading critically the typescript 
of this 

Note added in proof. When placed in oxygenated sea water the denervated 
posterior adductor muscle relaxes within a few hours. Strips of this muscle 
can also be isolated in a relaxed state. Such preparations remain excitable to 
electrical stimuli and exert a maximum tension for up to 2 days at 14°C 
(Abbott & Lowy, unpublished). 
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ESTIMATION OF THE ANTIDIURETIC, VASOPRESSOR 
AND OXYTOCIC HORMONES IN THE PITUITARY GLAND 
OF DOGS AND PUPPIES 


By 8. E. DICKER ann CHRISTINE TYLER 
From the Department of Pharmacology, University College, London 
(Received 6 October 1952) 


Hild & Zetler (1951) have determined the amount of vasopressor, antidiuretic 
and oxytocic principles in the posterior pituitary gland and in different parts 
of the hypothalamus of adult male dogs. They found that the amounts of the 
vasopressor and antidiuretic factors were markedly different, and that the 
amount of the oxytocic was about half that of the antidiuretic factor. According 
to these results the neurohypophysis of the adult dog, unlike that of most other 
mammals, would resemble that of the whale or the armadillo. 

The present investigation gives the result of estimations of antidiuretic, 
vasopressor and oxytocic hormones in the pituitary gland of dogs’ foetuses, 
puppies, adult dogs of both sexes, and of bitches after whelping and during 
lactation. 

METHODS 

Animals. Normal adult dogs of both sexes, whelping and lactating bitches, puppies and foetuses 
killed by intraperitoneal injection of pentobarbitone sodium (nembutal), were used. - 

Preparation of extracts. The whole of the pituitary gland was dissected out and extracted as 
described by Heller & Zaimis (1949). No attempt to separate the posterior lobe from the anterior 
was made, as this operation proved to be impracticable in foetuses and very young puppies. In 
some cases several glands from animals of the same litter were pooled and extracted together 
(see Table 2). The hypothalamus was extracted in the same manner as the pituitary gland. Separa- 
tion of the hypothalamic region into tuber cinereum, nuclei supra-optici and paraventricularis 
was not made. Samples of the diencephalon were also extracted. 

The extracts were assayed for their antidiuretic, vasopressor and oxytocic activities, using as 
standards, solutions of vasopressin (Pitressin, Parke, Davis and Co.) and of oxytocin (Pitocin, 
Parke, Davis and Co.). 

Assay of the oxytocic activity. Holton’s (1948) rat’s uterus method was adopted. The fiducial 
limits of error in eight experiments chosen at random, varied between 11-0 and 15:2%. 

Assay of the vasopressor activity. Landgrebe, Macaulay & Waring’s (1946) rat’s blood pressure 
preparation was modified as follows: the femoral artery was used instead of the carotid artery 
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for recording the blood pressure, and the intravenous injections were made into the tail vein 
instead of the femoral vein. Schild’s (1942) four-point assay method was used for the quantitative 


determination of the vasopressor activity. The fiducial limits of error of the method were between _ 


8-6 and 13-0 %. 
Assay of the antidiuretic activity. Hydrated male rats were injected subcutaneously. Details of 
the method and calculation for assaying antidiuretic material were those described by Dicker & 


Ginsburg (1950) and by Ginsburg (1951). 
As a rule all three assays were carried out for each extract; for the pituitary extract of foetuses 
and of young puppies, however, only the oxytocic and vasopressor activities were assayed. 


RESULTS 


Adult dogs 
The mean amounts of antidiuretic, vasopressor and oxytocic activities in the 
pituitary glands of dogs of both sexes were: 7560+ 247 mU (s.£. of eight 
observations), 6954 +505 (8) mU and 7050+420 (8) mU respectively. The 
vasopressor/oxytocic ratio (= V/O) was 1-03 (Table 1). | 


Tasxz 1. Antidiuretic, vasopressor and oxytocic content of pituitary gland of adult dogs 
acti acti 
(mUj/gland) (mUj/gland) (mUj/gland) V/O 
Normal adult dogs of both sexes (8) 75604247 6954 + 505 7050 + 420 1-03 


Bitches after delivery (3) 6884+ 820 6600 + 830 3490+ 1021 1-93 
Bitches during lactation (4) 6552 + 1440 6664 + 1480 1220+ 203 5-41 


Number of animals in parentheses. The values are means and standard . V/O =vasopressor/ 


It was not possible to estimate the amount of vasopressor activity of the 
hypothalamus, as intravenous injections of extracts into rats produced almost 
invariably a fall of the blood pressure. This was not due to the presence of 
either acetylcholine or histamine (Larson, 1936); rats are not sensitive to 
histamine (Landgrebe et al. 1946) and it could be shown that the fall of blood 
pressure occurred also in atropinized animals. The antidiuretic activity of the 
hypothalamus varied between 380 and 1160 mU (mean=762 mU/hypo- 


thalamus) (Melville & Hare, 1945; Kovacs & Bachrach, 1951), whileits oxytocic » 


activity was between 10 and 50 mU. In the diencephalon, neither antidiuretic 
nor oxytocic factor was found. 

In pituitary glands of bitches killed immediately after delivery, the 
amounts of vasopressor and antidiuretic activities were much the same as those 
found in control dogs (Table 1). There was, however, less of the oxytocic 
factor; its mean amount was 3490 + 1021 and V/O was 1-93 (Table 1). 

The vasopressor and antidiuretic activities of pituitary glands of bitches 
killed after 2-4 weeks of lactation were 6664 + 1480 (4) mU/gland and 6552 + 
1440 (4) mU/gland respectively. These values were not significantly different 
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from those of control dogs. The amount of oxytocic principle had fallen furth 
to 1220+ 203 (4) mU/gland. V/O increased to 5-4 (Table 1). | 


Foetuses and puppies 


There was always more vasopressor than oxytocic activity in the pituitary 
glands of foetuses and puppies. This difference was more pronounced in 
foetuses than in puppies; it decreased with age (Table 2): for instance, the 
pooled glands of a litter of six foetuses of 49 days contained 163-2 mU of the 


TasLz 2. Amounts of vasopressor, antidiuretic and oxytocic activities in the pituitary gland 
of dogs’ foetuses and puppies. Mean values are given where more than one animal was used. 


Bod Antidiuretic Vasopressor . Oxytocio 
No. of weight activity activity activity 

Litter animals (days) (g) (mU/gland) (mU/gland) (mU/gland) V/O 
I 6 -l4 120-0 27-2 Lessthanl — 
H 4 -10 154-0 -— 53-5 1-4 38-2 
G 8 -4 163-0 80-6 75-3 21 44-0 
E 5 0 290-0 == 268-0 15-9 16-8 
A 2 1 238-0 322-0 _ 27-6 12-0 
D 1 1 440-0 -= 205-0 27-0 76 
B 2 2 290-0 — 257-5 13-0 19-7 
C 1 4 283-0 477-0 489-0 35-0 13-8 
D 2 6 562-0 468-0 505-0 36-0 13-5 
E 1 8 348-0 — 578-0 98-0 5-9 
C 1 10 393-0 645-0 639-0 98-0 6-5 
C l 12 * 72320 118-0 
C 1 18 824-0 989-0 1110-0 101-0 10-3 
D 3 21 1300-0 1327-0 1513-0 244-0 5-8 
A 1 28 1208-0 1526-0 1526-0 468-0 3-3 
B 1 28 500-0 822-0 — 171-0 48 
A 1 32 1142-0 2950-0 3953-0 891-0 3-8 

t litters; the bitches were of unknown breed 

and their weights were 8-5 and 19-0 kg. V/O = vasop joxytocic ratios. 


vasopressor factor (i.e. 27-2 mU/gland) but less than 5 mU of the oxytocic 
principle, while those of a litter of five newborn puppies had 1340 mU of the 
vasopressor factor (i.e. 268 mU/gland) and 79-5 mU of the oxytocic principle 
(i.e. 15-9 mU/gland). It is thus clear that both principles increased with age, 
though the rate of increase of the oxytocic principle was greater than that of 
the vasopressor substance (Fig. 1). 


DISCUSSION 


In the present investigation, methods 10-20 times more sensitive than those 
employed by Hild & Zetler (1951) were used. No significant difference was 
found between the amounts of the antidiuretic, the pressor and oxytocic 
substances of the pituitary gland of adult dogs of both sexes. The vasopressor 
antidiuretic/oxytocic ratio was 1-0, as in most mammals. This ratio, however, 
was significantly increased in bitches after whelping or during lactation. It was 
_ also increased in foetuses and puppies. 
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The first demonstrable trace of oxytocic activity was found in the pituitary 
gland of foetuses of 49 days; their hypophyses contained, however, appreciable 
amounts of the vasopressor principle (Table 2). In older foetuses and puppies 
there was an increase of both oxytocic and pressor principles, the rate of 


development of the oxytocic factor being greater than that of the vasopressor- _ 


antidiuretic substance. However, even in 4-week-old puppies the amount of 
the oxytocic factor still lagged behind that of the vasopressor principle. The 
vasopressor/oxytocic ratio was 1 in adult dogs and bitches only. Whelping and 
lactation both produced a marked decrease of the oxytocic fraction of the 
pituitary gland, while the amount of the antidiuretic-vasopressor principle 


remained unchanged. 


v/o 
40+ 
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Fig. 1. Relation between Pp joxytocic ratios (V/O) and age of foetuses and puppies. 
Abcissa: age in days (0:full term). Ordinate: V/O values. 


There is thus evidence first that the two active fractions of the neuro- 
hypophyseal hormone develop independently of each other, secondly that the 
pituitary gland can be depleted of one of the two principles without the other 
being affected. These findings do not necessarily disagree with van Dyke, 
Chow, Greep & Rothen’s (1942) hypothesis that the two active principles 
belong to a mother molecule but can be discharged into the blood stream 
separately according to the requirements of the organism. However, the fact 
that the pressor and oxytocic properties can, under certain physiological! 
_ circumstances, be found in varying and irregular proportions provides some 
grounds for suspecting that they may exist as separate entities in the gland. 
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SUMMARY 

1. The amounts of vasopressor, antidiuretic and oxytocic principles in the 
pituitary glands of adult dogs of both sexes were similar when compared with 
standard solutions of vasopressin and oxytocin. The vasopressor/oxytocic ratio 
was l. 

2. In pituitary glands of dogs’ foetuses and of puppies the vasopressor/ 
oxytocic ratio was always greater than 1. It decreased, however, with age. 

3. The pituitary glands of whelping and lactating bitches contained less 
oxytocic than vasopressor or antidiuretic principles. The vasopressor/oxytocic 
ratio was greater than 1. 


We would like to express our thanks to Miss J. Nunn for her technical help. One of us (8S. E. D.) 
wishes to express his thanks to the Medical Research Council for a grant defraying part of the 
expenses of this work. 
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HISTAMINE RELEASE BY ADRENALINE AND 
pD-TUBOCURARINE IN THE HUMAN SUBJECT 


By J. L. MONGAR anp R. F. WHELAN 


From the Department of Pharmacology, University College, and the 
Sherrington School of Physiology, London 


(Received 13 October 1952) 


The sustained vasodilatation in muscle produced by intravenous adrenaline 
in man is not a local effect of the adrenaline nor is it a central reflex (Whelan, 
1952), and the present investigation was carried out to determine whether it 
might be accounted for by a raised plasma histamine level. Burn & Dale 
(1926) postulated the release of histamine by adrenaline, but this hypothesis 
was later rejected (Dale & Richards, 1927) though not as a result of measure- 
ments of blood histamine. Staub (19464, b) detected an increase in the plasma 
histamine level of human subjects during intravenous infusions of adrenaline, 
and suggested that some of the effects of the adrenaline could be attributed 
to the released histamine. That adrenaline may act as a histamine releaser 
was also reported by Eichler & Barfuss (1940) who found a rise in the plasma 
histamine level during prolonged intravenous adrenaline infusions in the cat, 
and by Koch & Szerb (1950) who showed that adrenaline caused a release of 
histamine from isolated rat’s lung. 


METHODS 

Intravenous adrenaline. An attempt was made to repeat the observations of Staub (1946 a, b), 
who gave adrenaline intravenously at a rate of 20 ug/min and measured the plasma histamine 
concentration. The subjects were normal students and colleagues. An intravenous infusion of 
ascorbic acid (0-001 %) in physiological saline at a rate of 4 ml./min was given into an antecubital 
vein of the left arm through a nylon cannula by means of a mechanically driven syringe. A ple- 
thysmograph filled with water at 32-34° C was applied to the same forearm (Barcroft & Edholm, 
1943) and records of the blood flow obtained at } min intervals. The room temperature was 
thermostatically controlled at 22-23° C. A large-bore needle was inserted through an anaesthetized 
area of skin into the median basilic vein at the elbow of the opposite arm, and through this 
samples were taken, saline being slowly injected in the intervals between sampling. Four 
successive samples of 10 ml. each were taken during the control period. Adrenaline solution, 
which had been made up in ascorbic acid saline from t-adrenaline tartrate 1 : 1000 B.P. (B.D.H.) 
within 5 min of infusion, was then substituted for the saline infusion and continued for 10 min. 
Doses of 10 and 20 yg/min were given in two series of experiments. Blood samples, each of 
10 ml., 
usually being obtained. 


f 
d 

4 


HISTAMINE RELEASE IN MAN 147. 


Intra-arterial adrenaline. In three subjects adrenaline was given into the brachial artery at 
the elbow at # rate of 01-2-0 yg/min for 5 min, and venous blood samples taken from an ante- 
cubital vein of the same arm. In a fourth subject 2-5 ug adrenaline was given by single injection 
and the circulation through the arm immediately arrested for 2 min by means of a pneumatic 
cuff above the site of injection. 

Intra-arterial D-tubocurarine. In two conscious and five anaesthetized subjects p-tubocurarine 
was given into the brachial artery. In three of the anaesthetized subjects a pneumatic cuff 
around the upper arm was inflated to above arterial pressure immediately after injection of the 
p-tuboourarine and the circulation arrested for 2 min (Grob, Lilienthal & Harvey, 1947). Venous 
samples were taken during and after the arterial occlusion. These subjects were patients under — 
thiopentone anaesthesia immediately prior to operation, and were not suffering from circulatory 
or allergic disease. 

Biological assay of histamine. The blood samples were taken into 10 ml. sterile glass syringes 
which had been rinsed in heparinized saline, transferred to 15 ml. centrifuge tubes containing 
heparin and at once centrifuged for 5 min at 3000 rev/min. The four samples taken during the 
pre-infusion period were pooled, and 10 ml. put into each of four centrifuge tubes, to two of which 
had been added 0-05-0-2 yg histamine, the other two being left as blanks. 

The method of purification of the samples prior to assay was based on that of Barsoum & 
Gaddum (1935) as modified by Code (1937a). After centrifuging, 5 ml. of the clear plasma was 
siphoned into tubes containing 8 ml. of 10% (w/v) trichloroacetic acid and shaken. The super- 
natant fluid obtained by further centrifuging was poured off, refluxed for 90 min with 10 ml. 
-vneentrated hydrochloric acid and then evapora.cd to near dryness. The remaining acid was 
removed by evaporating with alcohol under reduced pressure. The residue was dissolved and 
made up to the original volume of plasma with distilled water and approximately neutralized 
with 0-2n-NaOH. Because the solutions had usually to be assayed without further dilution, 
bicarbonate and glucose were added to make the concentration equal to that of the Tyrode used 
in the isolated organ-bath; a final adjustment of the pH to within 0-05 unit of that of the Tyrode 
was made using a glass electrode. The assays were done on guinea-pig ileum using a four-point 
method (Schild, 1942). To obtain high sensitivity a 1 ml. gut-bath was used which was com- 
pletely emptied before adding the test solution and the assay cycle was controlled by an auto- 
matic assay apparatus (Mongar & Schild, 1950). When all the samples had been tested, mepyramine 
was added to the Tyrode in a concentration just sufficient to abolish equivalent histamine 
contractions and the samples re-assayed in order to test for non-histamine activity. 


RESULTS 

Intravenous infusions of adrenaline 
Fig. 1 shows the individual plasma histamine levels and the averaged blood 
flow observations in four subjects with adrenaline at a rate of 20 g/min, and 
Fig. 2 the results of infusions of 10 g/min in six subjects. The blood flow 
through the forearm is expressed as ml. of blood/100 ml. of forearm/min, and 
the plasma histamine is in g/l. of histamine base. The values for plasma 
histamine are uncorrected for non-histamine activity which, in some experi- 
ments, appeared to contribute as much as half of the total activity (see 
below). The response of the blood flow is that usually obtained with these 
doses of adrenaline (Allen, Barcroft & Edholm, 1946) and consists of an 
initial transient rise followed by a smaller sustained increase. As all the 
blood-flow records showed these characteristic changes, only the average values 


are plotted. In contrast, the plasma histamine levels did not seas ad 
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Fig. 1. Results of intravenous infusions of 20 »g adrenaline per min for 10 min on the blood flow 
(averaged) and plasma histamine levels in four subjects. The histamine activity is not 
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corrected for the non-histamine fraction (see text). 
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Fig. 2. Results of intravenous infusions of 10 yg adrenaline per min for 10 min 
on the blood flow (averaged) and plasma histamine levels in six subjects. 
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during or after the infusion of adrenaline. The individual results are plotted; 
in some runs there was a slight fall, in others a small rise. 

The controls in which histamine was added to the blood samples during the 
pre-infusion period gave a consistently increased plasma histamine level as 
shown in Fig. 3. Further controls showed that the concentrations of adrenaline 
present in the blood had no inhibitory effect on the histamine-produced 
contractions of the guinea-pig ileum. 

The resting plasma histamine levels just preceding the infusion (Figs. 1 and 
2) are the mean of duplicate estimations; they averaged about 10 g/l. as 
measured on the guinea-pig ileum, though tests with the highly specific anti- 


0 1 20 
Histamine added to blood (jg/!I.) 
Fig. 3. Recovery from plasma of histamine added to control blood samples. 


histaminé mepyramine indicated that an appreciable part of the contractions 
obtained was due to non-histamine activity. No attempt was made to identify 
this component of the activity; it remained between one-quarter and one-half 
of the total throughout the experiments. 


Intra-arterial adrenaline 

Adrenaline was infused into the brachial artery of three subjects in doses 
of 0-1-2-0 g/min for 5 min. Fig. 4A shows the effect of these infusions on the 
plasma histamine level of the venous blood returning from the limb. No 
increase was found, though constriction of the skin vessels was observed in 
each case. Fig. 4B shows the result of a single injection of 2-5 wg adrenaline 
followed by arrest of the blood flow for 2 min. There was a small increase of 
gut contracting activity of the plasma on releasing the cuff but this was not 


antagonized by mepyramine. 


40 
= 
a eee 
= 2 
: 
3 
0 
Excess above control blank samples plotted against added histamine. : 


150 J. L. MONGAR AND R. F. WHELAN 
Intra-arterial p-tubocurarine 

In an attempt to demonstrate that a known histamine releaser would have 
a measurable effect on the plasma histamine level, p-tubocurarine was infused 
at a rate of 1 mg/min into the brachial artery of two conscious subjects for 
24 and 8 min respectively. In neither of these was there any whealing or 
flushing of the skin of the forearm, though the subjects were aware of slight 
difficulty with respiration and some degree of diplopia and blurring of vision. 
In neither case was there any marked increase in the plasma histamine in the 
venous return from the arm (Fig. 5A). 
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Fig. 4. Effect of intra-arterial adrenaline on plasma histamine: A, infusion of 2-5 yg/min.for 
5 min in three normal subjects; B, single injection (at arrow) of 2-5 yg followed by circulatory 
arrest for 2 min (hatched area). 

Larger doses of b-tubocurarine were then given to six anaesthetized 
subjects. Only slight increases in the plasma histamine were obtained with 
doses of D-tubocurarine as great as 10 mg/min for 34 min though flushing 
was produced in the forearm (Fig. 5A). When a cuff round the upper arm was 
inflated for 2 min to above arterial pressure immediately after single injections 
of various doses, marked flushing and whealing of the skin of the forearm and 
hand developed rapidly after deflation of the cuff and large increases in the 
plasma histamine activity in the venous return were found (Fig. 5B). 


DISCUSSION 
The failure to demonstrate any histaminaemia with adrenaline infusions was 
not due to inadequate technique because histamine added to the whole blood 
immediately after sampling was consistently recovered from the separated 
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plasma. The results are not in accord with those of Staub (19464, 6) who 
described plasma histamine increases up to 140 g/l. with similar doses of 
adrenaline. The resting levels reported by Staub are abnormally high, and it 
seems probable that he was estimating an activity to which the plasma hist- 
amine contributed only a small part. Resting values up to 70 ug/l. were 
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Fig. 5. Effect of intra-arterial p-tubocurarine on plasma histamine levels. A, anaesthetized 
subjects: ©, 5 mg/min for 6 min; (1), 10 mg/min for 3} min. Conscious subjects: @, 1 mg/min 
for 8 min; ™, 1 mg/min for 2} min. The arrow indicates the beginning of the infusion in each 
case. B, anaesthetized subjects, single injections (O, 50 mg; 1, 10 mg; @, 10 mg), followed 
by circulatory arrest for 2 min (hatched area). The scale in B is double that of A. 


obtained and the average of 45 jg/l. is nearly 5 times those found in the 
present investigation, part of which were known to be of non-histamine 
origin. Code (19375) reports resting values of less than 10 yg/l. for normal 
human subjects. Owing to the absence of satisfactory controls and pharma- 
cological tests to identify the activity measured, it is difficult to explain why 
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the gut-contracting activity of Staub’s samples often increased as a result of 
the administration of adrenaline. If the activity measured was in fact that 
of histamine, the high resting levels and the increases could have been due to 
the incomplete separation of the leucocytes from the plasma. The leucocytes 
contain many times more histamine than the plasma from the same amount of 
blood and there is usually an increase in the white cell count following adrena- 
line infusions (Baur & Staub, 1949). = 

Kichler & Barfuss (1940) reported increases in the plasma histamine 
concentration in the cat during adrenaline infusions, but the doses used 
were very large—averaging 16 »g/kg/min for periods up to 3 hr and pulmonary 
oedema developed in most cases. An attempt was made to repeat these 
results in a single experiment in which 20 »g/kg/min was given intravenously 
in a cat anaesthetized with pentobarbitone, but no increase in the plasma 
histamine activity was detected during or after a 15 min infusion. 

The control experiments with p-tubocurarine which is known to be an 
active histamine releaser (Alam, Anrep, Barsoum, Talaat & Weininger, 1939; 
Rocha e Silva & Schild, 1949; MacIntosh & Paton, 1949) demonstrate the 
difficulty of producing an increased plasma histamine concentration even 
when the compound is localized by infusion into the brachial artery. With 
doses as large as 30 and 35 mg in anaesthetized subjects the histamine in the 
plasma still did not rise above 20 g/l. and local signs such as flaring and 
whealing were very slight. (It is of some interest that from these results 
it seems unlikely that relaxant doses of D-tubocurarine administered intra- 
venously for clinical purposes, where the concentration in the blood would be 
less than 1/100th of that present in the forearm in the above experiments, 
are ever likely to produce side-effects due to the release of histamine.) It is 
not until higher concentrations in the tissues are achieved by the rapid 
injection of 10-50 mg of p-tubocurarine followed by the arrest of the blood 
flow that definite rises in plasma histamine—of the order of those described 
by Staub—are obtained. In these experiments there was marked flushing, 
whealing and discoloration of the skin of the forearm and hand. To obtain 
this degree of histaminaemia in the general circulation when infusing only 
a small fraction of the weight of the releaser into about 100 times the blood 
volume (Staub, 19464) the substance would have to be a very potent histamine 
liberator indeed. Adrenaline does not exhibit this type of activity. When 
localized in the arm by intra-arterial administration, as in the case of the 
D-tubocurarine, it did not raise the plasma level of histamine; nor was any 
such activity detected in additional in vitro experiments when isolated tissues 
including human lung, guinea-pig lung and rat diaphragm were immersed 
for 10 min in concentrations of adrenaline up to 100 mg/l. The report by 
Koch & Szerb (1950) of 5 mg/l. of adrenaline releasing histamine when 
perfused through rat lung is also at variance with the above findings unless 
one assumes a marked species specificity. 
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The fact that it has not been possible to demonstrate an increase in the 
plasma histamine level with adrenaline infusions indicates that the sustained 
muscie vasodilatation produced when adrenaline is given intravenously 
cannot be attributed to an associated histaminaemia. 


SUMMARY 

1. Intravenous infusions of adrenaline in doses of 10 and 20 pg/min 
produced characteristic changes in forearm blood flow but no change in 
plasma histamine concentration as measured by Code’s method using guinea- 
pig ileum. 

2. Neither intra-arterial infusions of adrenaline, nor a single injection with 
circulatory arrest for 2 min, produced any rise in histamine level. 

3. Intra-arterial p-tubocurarine infusions at a rate of 1-10 mg/min into 
the brachial artery sometimes produced slight rises in plasma histamine. 
Single injections of 10 and 50 mg with circulatory arrest for 2 min resulted in 
over 20-fold increases in plasma histamine. 


We wish to thank Prof. H. Barcroft, at whose suggestion this work was carried out, for his 
valuable advice and encouragement. We also thank Mr Meredith- Brown for access to his patients, 
and Dr Wylie for giving the anaesthetics. We are indebted to Mr G. T. Hales for technical 
assistance. Certain of the expenses were defrayed from a Medical Research Council grant to 
Prof. Barcroft. 
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‘VISUAL ATTENTION’ AND THE a-RHYTHM 


By E. G. WALSH 
From the Departments of Physiology and of Surgical Neurology, Edinburgh 
(Received 13 October 1952) 


This work was undertaken in an attempt to clarify the relationship that is said 
to exist between the a-rhythm and ‘visual attention’ (Adrian, 1943, 1944). In 
the first series of experiments the ability to recognize simple patterns presented 
tachistoscopically has been related to the amplitude of the «-rhythm at the 
moment of the exposure. In the second series of experiments the amplitude 
of the «-rhythm when the subject was concentrating on counting clicks has 
been compared with the amplitude when he was concentrating on counting 
flashes. 
METHODS 


ink-writing elect phalograph, another channel was connected to an amplifier tuned to 
10 o/s; this amplifier was of relatively low selectivity (‘Q’ =4) and served to eliminate components 
* 
* a 
+ + + e| + 
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Fig. 1. Arrangement of luminous dots used in tachistoscopic experiments. The position of the 
small red fixation light is indicated by the cross. The diameter of the luminous dots was 
1 mm; for clarity the positions of the dots have been indicated by circles which are, pro- 
portionately, larger. The separation between neighbouring dots was great enough to ensure 
that the performance of the subject was not limited by the optical properties of his eyes. 


of the electroencephalogram differing widely from the a-rhythm in frequency. The experimental 
room was darkened, only sufficient light being allowed to enable the experimenter to control the 
apparatus. The subject lay on a couch with his head inside a black box; his eyes were thus 
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screened from all extraneous light. In the tachistoscopic experiments a red fixation light was 
provided at the top of the box 35 cm from the subject's eyes. Into the top of the box was slid one 
of ten metal plates. These plates were perforated by 1-10 holes arranged on the are of a circle 
centred on the fixation point; the radius of the circle subtended 5° at the eyes. All of the holes 
fell within the right half of the visual field (Fig. 1). The plates were covered with 

paper and were illuminated from above by a xenon discharge tube (Mullard LSD3) covered with 
a red filter. Single flashes could be obtained of very brief duration (60 ysec); the exposures did not 
give rise to persistent after-images. The moment at which the flash occurred was recorded by 
a signal derived from s photocell. Before the experiment the subject was informed about the 
arrangement of the luminous dots to which he was going to be exposed. A period of 7 min of dark 
adaptation was allowed. 

In the second series of experiments a miniature neon bulb and a telephone receiver were fixed 
to the top of the box. Relaxation oscillators enabled the experimenter to deliver trains of stimuli— 
clicks or flashes—at will. 

RESULTS 


: Tachi iow of dote 
It might have been expected that the experimental arrangements involving 
visual fixation and preparation for a fairly difficult visual task would abolish 
the a-rhythm (Adrian & Matthews, 1934); this difficulty did not, however, 


A Cc 

B D 
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Fig. 2. The upper trace in each of the four examples is the response of the tuned amplifier whilst 
the lower trace is the e.e.g. recorded in the orthodox manner. In spite of visual fixation and 
anticipation of an exposure the a-rhythm may be readily identifiable in both the tuned and 
untuned records as in A and B; at other times it may be of low amplitude, or absent, as in 
C and D. On the ‘visual attention theory’ it might be expected that the responses would be 
more accurate when the a-rhythm was small than when it was large; this did not appear to 
occur. These four examples have been selected; in each the subject was exposed to the 
pattern consisting of four luminous dots; the correct response was given in A and B when the 
amplitude was considerable, whilst an incorrect reponse (‘3 dots’) was given in C and D 
when the amplitude was small. Subject Dr H.; calibration: vertical line 100 2V (untuned 
trace), horizontal line 0-5 sec. 8 indicates stimulus. This photograph has been retouched. 


arise. Considerable variations were noted between subjects in the ease with 
which the patterns were recognized; 1-3 dots were easily identified. Some of 
the subjects found the recognition of the patterns containing 9 and 10 dots 
rather more easy than those with an intermediate number. The ability to 
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discriminate between the patterns did not appear to improve as the experi- 
ment progressed, and no information was given to the subject as to the correct- 
ness or incorrectness of the responses. Five of the subjects had «-rhythms 
which were responsive to eye opening under normal recording conditions in an 
illuminated room. One subject (B.T.) showed an a-rhythm which was un- 
influenced by such stimulation; he was included to make the series as repre- 
sentative as possible. Subjects of this type are not uncommon (Redlich, 
Callahan & Mendelson, 1946), and it is difficult to see how with them there can 
be any connexion between ‘visual attention’ and the «-rhythm. In one other 
subject (Dr C.) a rhythm at 10 c/s could be identified with certainty only with 
the aid of the tuned amplifier. 


Taste l. x* technique applied to tachistoscopic data. Relationship between 
proportion of correct responses and amplitude of «-rhythm at moment of exposure 


Trials Amplitude 
Total % Mean Degrees of 
Subject no. correct (pV) Categories x freedom 
Dr M. 46 41:3 6-2 3 0-8 2 
Dr H. 52 42-2 18-0 3 0-6 2 
Dr H. 74 33-8 21-2 4 0-5 3 
Dr W. 47 72-5 7-4 4 18 3 
D.R. 86 50 6-6 4 17 3 
D.R. 28 57-2 6-9 3 2-7 2 
B.T. 120 75 10-2 ll 2-2 10 
B.T. 95 74:8 71 6 1-7 5 
Dr C. 93 78-5 3-6 4 0-6 3 
Dr C. 49 81-6 4:8 4 2:7 3 
R.A. 73 60-2 9-7 8 2-3 7 


The data from these experiments were divided into categories according to 
the amplitude of the «a-rhythm at the moment of exposure. The number of 
correct responses in each category was compared with the number expected on 
the hypothesis that the probability of a correct response was independent of 
the amplitude. The x? test was used for this comparison (Table 1); the 
hypothesis appeared to be an adequate explanation of the observed facts. It 
must, however, be noted that the data from the trials with different patterns 
have been treated together, and it is quite possible that more refined tech- 
niques would show a dependence of the type which has been sought. It seems 
certain, nevertheless, that any such dependence must be small; no difficulty 
was experienced in finding records in which the response to a given pattern 
was correct when the amplitude was considerable, and incorrect when it was 


small (Fig. 2). 


Effect of concentration on counting ticks or flashes on the rhythm 
The subject was given a verbal signal when a series of stimuli was about to 
begin. In addition, he heard the experimenter operate a switch 1 sec before 
the series started, and this served as an additional warning. Clicks and flashes 
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were presented alternatively, with periods of some seconds’ rest in between. 
The amplitude of the «-rhythm was measured at the time of the first click or 
flash of each series. The results are given in Table 2. No significant differences 
were detected, although the three subjects had a-rhythms which were re- 
sponsive to visual stimuli. 

Table 2. Comparison of amplitude of a-rhythm, listening for clicks and watching for flashes. 

The figures in brackets refer to the number of observations involved 


Mean am and s.p. (nV) Diff. of 
Subject Clicks Flashes pV) difference 
D.R 16-4477 (32) 14-347-0 (33) +21 1-8 
D.R. 16-0+48-5 (84) 18-54+7-0 (84) 1-2 
D.R. 13-7 (95) 13-7+6-8 (95) 0 10 
D.R. 13-1 46-0 (27) 13-8+7-5 (28) -0-7 1-8 
M.J 9-6+44-8 (26) 7544-0 (26) +21 1-2 
G.R. 10-245-1 (26) 10-34.6-5 (27) -O1 16 
DISCUSSION 


These facts do not support the view (Adrian, 1943) that ‘normally the «- 
rhythm is never present when visual attention or fixation is present but is 
usually there when fixation or attention are absent’. According to this ‘ visual 
attention theory’ it might have been expected that the visual reaction time 
would depend on the amplitude of the «a-rhythm; this relationship does not, 
however, appear to exist (Walsh, 1952). In some of Adrian’s experiments the 
subject himself operated the apparatus and listened to his own «-rhythm; 
feeding back a signal derived from the electroencephalogram to a subject 
making introspective judgements may introduce unwanted complications. 

The term ‘attention’ is ambiguous, it may refer (1) ‘to the state or end- 
result of attending—the subjective clarity of what is attended to, or to the 
necessary receptor adjustment’; (2) ‘to the selectivity of the process’; (3) ‘to 
the hypothetical agency or process which produces the selectivity’; and 
(4) ‘to various properties of “mind” which apparently cannot be defined or 
understood’ (Hebb, 1949). ‘Attention’ has been used as an explanation of the 
reduction in the amplitude of the «-rhythm following an unexpected noise, 
and also as an explanation of an increase in amplitude on straining to hear a 
watch ticking; both explanations cannot be valid. 

Implicit in the ‘visual attention theory’ is the idea that the «-rhythm is 
dependent on a single pacemaker which may be active or inactive. This view 
cannot now be regarded as valid, for it is known that the a-rhythm in different 
leads may wax and wane at different times; furthermore, the phase relation- 
ships between the a-rhythm in different leads are not constant but variable 
(Dubouloz, Gastaut & Corriol, 1947). No satisfactory explanation of the 
behaviour of the a-rhythm is at present available. According to one early 
analysis (Jasper & Cruikshank, 1937) fluctuations in amplitude probably arise 
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in three ways. First, there may be a ‘ true variation in the magnitude of the 
rhythmic activity of the brain’; secondly, the focus of a ‘constantly active 
region may shift relative to the two recording electrodes’; and thirdly, the 
electrodes may pick up ‘potentials from two active regions whisk are beating 
at slightly different frequencies’. There seems little doubt that fluctuations in 
the amplitude of the a-rhythm arise in a number of ways; it would be re- 
markable if variations of amplitude having different electrophysiological 
origins were associated with the same psychological changes. 


SUMMARY 


1, The ability to recognize patterns consisting of 1-10 luminous dots 
presented tachistoscopically did not appear to depend on the amplitude of 
the a-rhythm. 

2. The amplitude of the «-rhythm when the subject concentrated on count- 
ing clicks did not differ significantly from the amplitude when he concentrated 
on counting flashes. 

3. The term ‘attention’ is ambiguous. The results do not lend support to 
the ‘visual attention’ theory. 
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A QUANTITATIVE STUDY OF THE RESPONSE TO 
ACETYLCHOLINE AND HISTAMINE OF THE BLOOD 
VESSELS OF THE HUMAN HAND AND FOREARM 


By F. DUFF, A. D. M. GREENFIELD, 
J. T. SHEPHERD anv I. D. THOMPSON 


From the Department of Physiology, The Queen’s University of Belfast 
(Received 20 October 1952) 


Many investigators have injected acetylcholine and histamine into man both 
intra-arterially and intravenously. The effects of intra-arterial injection of 
acetylcholine on the circulation in the legs were studied by Carmichael & 
Fraser (1933) who observed skin colour, and by Ellis & Weiss (1932) who 
measured skin temperature and arterio-venous oxygen differences. We have 
been unable, however, to find detailed quantitative measurements of their 
effects on the vessels. Since such observations were required for another 
purpose we have made them, and this paper describes the results. 


METHODS 


Observations have been made on twenty-six men and three women between the ages of 
19 and 34. All were in good health, and none suffered from peripheral vascular disease. They 
arrived at the laboratory at least 1 hr before observations started and were recumbent during, 
and for half an hour before, the observations. They wore normal indoor clothing, and the trunk 
and legs and as much as possible of the arms were wrapped in blankets. The laboratory tempera- 
ture was 20-23° C. 

Blood flow 

The blood flow through the hands and forearms was measured every 15 sec, or more frequently, 
by venous occlusion plethysmography. In most experiments the plethysmographs were filled 
with stirred water at 32° C for the hand and at 34° C for the forearm. They were fitted with 
loose gloves for the hands or loose sleeves for the forearms. In some experiments, in which it 
was desired to measure simultaneously the hand and forearm flow on the same side, a light 
celluloid air-filled plethysmograph was used on the forearm. 

The venous occlusion cuffs, at the wrist for the hand, and above the elbow (proximal to the 
needle in the brachial artery) for the forearm, were, unless otherwise stated, inflated to 70 mm Hg 
during the periods of collection. A wrist cuff was inflated to 200 mm Hg for 1 min before, and 
during, observations of forearm blood flow. When, however, the hand and forearm blood flows 
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were measured simultaneously the wrist and arm cuffs were inflated to the collecting pressure 
from @ common air reservoir. Care was taken in the interpretation of the records of these experi- 
ments to avoid errors due to the spill-over of blood from the hand into the forearm; this may 
ocour at high hand flows after a few heart beats, and lead to a steepening of the forearm inflow 
curve coinciding with a flattening of the hand inflow curve. 

Both acetylcholine and histamine injected into the brachial artery in small doses powerfully 
dilate the forearm blood vessels (Fig. 2). It was thought that this might sufficiently reduce the 
pressure in the arteries at the wrist for the collecting cuff at 70 mm Hg partially or wholly to 
occlude them, and so invalidate the measurements of the hand flows. In some experiments 
therefore (which are noted in the legends to the figures) a collecting pressure of 40 mm Hg was 
employed, but this did not appear to alter the results. 


Drug injections 

All injections were made intra-arterially through 21 s.w.g. needles. In the majority of experi- 
mente the subject became aware of the drug injections only when the dose was sufficient to cause 
subjective sensations. Most injections were into the brachial artery at the elbow, but some were 
into the radial artery at the wrist, or the subclavian artery as it crosses the first rib. The skin was 
anaesthetized with about 0-5 ml. of 1% procaine with adrenaline. As soon as the needle was in 
place an infusion of normal saline was started at about 1 ml./min from a motor driven syringe. 
The latter was connected by akout 1 m of 1 mm bore polythene tubing to a ‘Record’ fitting 
T tap, which was in turn connected by about 25 om of polythene tubing to the arterial needle. 
Drug injections were delivered from a separate syringe attached to the T tap; this syringe could 
be changed or manipulated without the subject’s knowledge. The syringe was emptied by hand, 
the amount delivered being checked against the clock every 12 sec. The dead space from the 
drug syringe to needle tip was 0-4-0-5 ml. Allowance has been made for this whenever necessary 
in timing the events following injections. 

In each experiment flows were recorded before and after insertion of the needle, and on several 
oceasions the forearm flows were also measured during the insertion. There was never any 
diminution in flow or in the size of the pulse waves on the plethysmogram or in the volume of the 
radial pulse as judged by palpation. There was therefore no evidence of spasm of the brachial 
artery as a result of the needling. 

The doses were prepared immediately before the experiment from acetylcholine hydrochloride 
ampoules (100 mg of crystalline substance, Roche) or histamine acid phosphate ampoules (1 mg 
in 1 ml., B.D.H.). All doses are expressed as weights of these salts. Dilutions were made in 
sterile saline, and unless otherwise mentioned, the dose was made up in 5 ml. for injection in 
1 min. Control injections of 5 ml. of saline in 1 min were without detectable effect on hand and 
forearm blood flow. Dilutions for the smaller doses (16 yg or less) were made immediately before 
administration. The doses were usually given in ascending order of magnitude. The following 
evidence suggests that even the dilute solutions of acetylcholine and histamine were stable for 
the duration of the experiment. A stock solution was prepared containing 16 yg acetylcholine 
in each 5 ml. Doses of 16 yg were injected over 1 min with intervals of 5 min. The plateau levels 
of forearm blood flow were respectively 13-1, 15-9, 14-5 and 14-7 ml./100 ml./min. A similar 
experiment with doses of 4 yg histamine gave values of 16-3, 16-8, 17-9 and 16-8 ml./100 ml./min. 
Thus, unless the blood vessels were becoming more sensitive as time went on, there is no reason 
to suppose that the drugs were undergoing destruction. 


Presentation of results 
It is not easy to decide on the best method of presenting results so that fair comparison can 
be made between the effect of different drugs or dosages. The following were considered as indices 
of the effect on the blood flow: (1) The highest of a series of observations made at definite intervals 
during and after the administration of the drug. 
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series of observations. (3) The amount by which (1) or (2) exceeds the resting level. (4) The 
ratio of (1) or (2) to the resting level. 

A chance technical error or misinterpretation might seriously upset (1), but this danger is 
reduced in (2). Apart from this, the objection to both (1) and (2) is that the values observed 
probably depend, although in no simple way, on the resting level of flow and that the latter is 
disregarded. Account is taken of the resting level in (3) and (4), but these are both open to the 
objection that a dose of drug which dilates the blood vessels fully may appear by these indices to 
have a smaller effect when the resting level is high than when it is low. It is also uncertain and 
even unlikely that, for example, a change from 3 to 9 ml. represents the same degree of drug 
effect as a change from 12 to 18 (as would appear to be the case by (3)) or from 8 to 24 (as would 
appear to be the case by (4)). 

As none of these indices is entirely satisfactory it was decided to combine (2) (the average of 
the four highest observations of a series made at intervals of 15 sec during and after the admini- 
stration of the drug) with a statement of the resting level (average of four observations) before 
any drugs were administered. 


RESULTS 

Sensations 
Acetylcholine injected into the brachial artery in doses of 1000-4000 ug 
caused mild tingling and in some subjects a sensation of fullness or bursting 
in the arm; there were no general symptoms. Histamine in doses of 16 yg or 
more caused mild sensations of heat and tingling in the arm. Doses of 32 yg 
occasionally, and of 64 yg usually, caused mild throbbing in the head and 
flushing of the face. Subjective sensations with either drug were never more 
than uncomfortable. | 

Appearance 

In order to observe the colour changes in the skin, plethysmograph measure- 

ments were omitted in a few experiments. All but the smaller doses of both 
acetylcholine and histamine caused flushing of the skin. After injections into 
the brachial artery the upper limit of the flush at the elbow followed an 
irregular but clearly defined line. Our impression is that the forearm flush 
after the smaller doses of acetylcholine was patchy and after histamine was 
confluent. The flush appeared gradually, and it was difficult to say whether 
it appeared in the forearm before the hand. The onset of the flush appeared to 
be less abrupt than the rise in blood flow (Fig. 4). 


Blood flow 

Typical results of injection of acetylcholine and histamine into the brachial 
artery are shown in Fig. 1. Acetylcholine caused an increase in forearm blood 
flow in a dose of 1 ug but had no effect on hand flow in a dose of 256 jg. 
Histamine, however, in a dose of 1 ug caused an increase in blood flow in both 
the forearm and hand. The results of a number of experiments of the type 
shown in Fig. 1 are summarized in Fig. 2. In all experiments, acetylcholine 
when injected into the brachial artery had much less effect on the blood flow 
through the hand than on that through the forearm. Thus, to raise the flow 
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appreciably above the resting level, }-1 ug is needed for the forearm, but 
256-4000 yg for the hand. In contrast, histamine in doses of 1 yg invariably 
increased both the hand and forearm flow. This discrepancy might be ac- 


counted for in the following ways: (1) The drug, in passing to the hand vessels, 


Blood flow (mi./100 mi./min) 


Fig. 1. The effect on forearm and hand blood flow of various doses of acetylcholine and histamine 
injected over 1 min periods into the brachial artery of four normal subjects. Continuous 
line: injected side; dotted line: control side. Doses are in yg. 


is exposed to the action of cholinesterase for a longer time than in passing to 
the forearm vessels. The difference in time of exposure may allow a larger 
proportion of the acetylcholine to be hydrolysed. (2) The hand vessels may 
be very much less sensitive to acetylcholine than the forearm vessels. (3) The 
first part of the drug injected into the brachial artery dilates the vessels in the 
forearm and most of the remainder may circulate through these dilated 
vessels. (4) The dilatation of the forearm vessels may so reduce the perfusion 
pressure at the hand that the hand flow is unaltered although the vessels are 
dilated. The fourth possibility is rendered unlikely because following injection 
of histamine into the brachial artery, or during reactive hyperaemia after 
arrest of the circulation above the elbow, a large hand blood flow is present at 
the same time as a large forearm flow. 

To distinguish between the remaining possibilities, the following experi- 
ments were devised: 

(1) Injection into the radial artery. Acetylcholine was injected into the radial 
artery of I.D.T. in doses of 16, 256 and 1000 yg and produced was 
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Fig. 2. The response of the hand and forearm vessels to graded doses of acetylcholine and 
histamine injected into the brachial artery. Ordinate: blood flow in ml./100 ml./min, 
Abscissa: dose in yg injected over 1 min. R, average resting flow. Each symbol in this and 
the following figure represents a different subject. Collecting pressure was 40 mm Hg during 
the following observations: acetylcholine hand, A; histamine hand, @<; acetylcholine 
forearm, ©; histamine forearm, O@Y. 


20-1 and 33-2 ml./100 ml./min respectively, the resting flow being 3-4. One pg 
of acetylcholine injected into the radial artery of F.D. raised the hand blood 
flow to 6-8 from a resting value of 3-7 ml./100 ml./min. In contrast to this, in 
only one of the nine subjects in whom acetylcholine was injected into the 
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brachial artery (Fig. 2) did a dose of 256 ug of acetylcholine produce an 
appreciable effect on the hand flow, and in five subjects, 1000 ug was without 
effect. An injection into the radial artery may be distributed to a very limited 
region of the hand, which will receive a concentrated dose, while the injection 
into the brachial artery is probably distributed more uniformly. Nevertheless, 
when reasonable allowance is made for this, these results strongly suggest 
that the hand blood vessels are not peculiarly insensitive to acetylcholine. 
(2) Injection into the subclavian artery. In order to increase the forearm 
blood flow, a dose of 1000-4000 ug of acetylcholine (Fig. 3) must be injected 
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“RR + 1 4 16 64 256100400 R + 1 4 16 64 
Fig. 3. The response of the forearm blood vessels in two of the subjects shown in Fig. 2 to graded 

doses of acetylcholine and histamine injected into the subclavian artery. Conventions as 

in Fig. 2. +, collecting pressure 70 mm Hg; ©, collecting pressure 40 mm Hg. ; 


into the subclavian artery, although in every subject tested an increase was 
obtained with } wg injected into the brachial artery. Even when generous 
allowance is made for the difference in volume of the receiving territory in the 
two cases, it seems clear that much of the subclavian dose must be diverted or 
destroyed and fail to reach the forearm. The corresponding observations with 
histamine, which has very similar effects on the forearm blood flow whether — 
injected into the subclavian or brachial artery (Fig. 3), seem to exclude 
diversion or altered haemodynamics as an explanation. 

(3) Exposure of the acetylcholine to arterial blood in vitro. It was repeatedly 
observed that the delay between starting the injection and the onset of vaso- 
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dilatation was much greater in the hand than in the forearm. The delay 
appeared to depend to some extent on the resting level of the blood flow at the 
time of the injection, and also on the dose injected. Nevertheless, the differ- 
ence in delay at the hand and forearm is clear cut. In twenty-four observations 
on five subjects the average delay in the hand was 17-9 sec (s.B. 1-9) and in 
thirty-five observations on seven subjects the average delay in the forearm 
was 6-2 sec (s.E. 0-4). These figures are from experiments in which histamine 
was used, and in which there was no likelihood of drug destruction in the 
blood stream (Anrep, Barsoum & Ibrahim, 1947). The injections were made 
over }~-1 min. When histamine was made up in 2 ml. saline and injected in 
2-3 sec there was still a substantial difference between the delay before vaso- 


= ACh on hist. 


0 +20 +40 —40 0 +20 +40 
Seconds Seconds 


Fig. 4. The time of onset of dilatation in the forearm and hand vessels following injections into 
the brachial artery of 3500 ug acetylcholine and 10 yg histamine. x , forearm flow, injected 
side; @, hand flow, injected side; ©, hand flow, control side. 


dilatation in the hand (17-0 sec, s.z. 2-0) and in the forearm (7-5 sec, s.E. 0-9). 
In some experiments, of which examples are shown in Fig. 4, the time of 
onset of vasodilatation in the hand and forearm of the same limb was deter- 
mined by making simultaneous observations, and the results fully confirm 
those already quoted. 

There was, therefore, in general a difference of about 10 sec in the time of 
onset of vasodilatation in the hand and in the forearm, and experiments were 
designed to test the effect of exposure of acetylcholine to the action of blood 
for about this length of time. For these experiments the syringe containing 
the drug and as much as possible of the connecting system was immersed in 
a water-bath at 37°C. The dead space from syringe to needle tip was less 
than 1 ml. The response to varying doses of acetylcholine’ in 5 ml. saline 
injected in about 5 sec was first determined. Control injections of saline 
usually doubled the forearm flow for a few seconds, but the flow returned to 
normal within 18 sec. Acetylcholine, even in the smallest effective doses, 
caused a much more persistent rise in flow. 
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Acetylcholine was then made up in 1 ml. saline and together with 1 ml. air, 
was contained in a syringe attached to the infusion system. About 3 ml. blood 
was rapidly withdrawn into the syringe, the contents of which were mixed by 
swirling all the time. This usually took 5-7 sec. The mixture of blood and 
acetylcholine was then injected as rapidly as possible, usually in about 5 sec. 
No very precise time limits can be laid down for the exposure of the drug 
to the action of the blood, but the total time (10-12 sec) was of the same 
order as the difference in the time of onset of dilatation in the forearm and 
hand following injection of histamine into the brachial artery. Control in- 
jections of 3 ml. blood plus 1 ml. saline usually caused a slightly larger and 
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Fig. 5. A comparison in three subjects of the effect of injection into the brachial artery of acetyl- 
choline in saline (solid symbols) with that of acetylcholine mixed with blood as described 
in the text (open symbols). Ordinate: blood flow in ml./100 ml./min. Abscissa: dose in pg. 
The continuous and dotted lines were drawn by inspection. 


more prolonged increase than the controls with 5 ml. of saline only. Experi- 
ments were carried out in four subjects and the results in three of them are 
shown in Fig. 5. These results were obtained by disregarding flows during the 
first 18 sec after the injection and averaging the two highest of the following 
flows. This allows fully for the transient increase in flow due to saline, but 
tends to give values which are too high for the effects of the mixture of 
acetylcholine and blood, owing to the longer period of vasodilatation following 
the re-injection of blood alone. 

It is clear that 64-192 yg of acetylcholine, after exposure to arterial blood 
in the way described, produced a smaller change in forearm blood flow than 
} wg of acetylcholine injected at the same rate, but without preliminary 
exposure to blood. This shows that 3 ml. or less of arterial blood reduced the 
activity of 192 yg of acetylcholine by more than 99-7%. 


d 
i 
‘ 


168 F. DUFF AND OTHERS 


From these experiments it seemed that the most likely cause of the failure 
of acetylcholine to dilate the hand vessels when injected into the brachial 
artery in doses of 256 yg or less was its inactivation on the way to the hand 

DISCUSSION 

The following factors, among others, may influence the response of a particular 
blood vessel to a substance, S, in the blood passing through it: (1) the con- 
centration of S in the blood; (2) the rate of flow of blood, and hence the 
quantity of S passing through in unit time; (3) the duration of the passage 
of S; (4) the reactivity of the musculature of the vessel wall, which may 
depend, among other things, on its initial state of contraction or relaxation, 
and on the level of vasomotor tone. 

When a substance is injected into a main limb artery and the blood flow 
response in the limb is observed, the following considerations must also be 
borne in mind: (1) In any region, such as a limb, provided with a collateral 
circulation, the territory supplied by one artery, even the main artery, may 
vary greatly with local conditions and is difficult or impossible to define. 
Doses cannot, therefore, be accurately or usefully calculated in terms of the 
weight or volume of the tissue receiving them. (2) The distribution of blood, 
and hence of substance S mixed with it, may well be uneven and changing 
within the territory of supply of the artery. (3) The injected material may be 
incompletely mixed with the arterial blood at the origin of the first branch of 
the artery so that the distribution of S may not follow that of the blood. It is 
never certain, for example, that the ulnar and radial arteries each receive 
their proper share of material injected into the brachial artery. (4) The time 
course of delivery of S into the artery can be accurately controlled, but the 
time course of its arrival at the peripheral resistance vessels is different and 
cannot be measured. (5) The blood flow in the whole limb is the sum of that 
in all the small vessels, in each of which the flow varies approximately with 
the 4th power of the diameter, and so approximately with the 4th power of 
the length of the muscle cells in the vessel wall. 

In spite of these complex considerations, there is a linear relationship 
between the log dose of substance injected into the brachial artery and the 
resulting rate of blood flow in the forearm. This type of dose response relation- 
ship is, of course, usual, but in this instance the relationship holds only 
if the index of the response is taken to be the rate of blood flow, and not, 
for example, the mean calibre of the resistance vessels, which according 
to Poiseuille’s theorem varies as the 4th root of the rate of flow. The log 
dose/blood flow relationship is linear for doses of acetylcholine ranging from 
t to 4000 yg and for doses of histamine ranging from } to 64 yg. In Fig. 6, 
results from all subjects have been averaged, and although the points in this 
graph are not all equally weighted, the straightness of the line along which 
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they lie is remarkable. When the log of the dose of histamine injected into 
the brachial artery is plotted against the resulting rate of hand blood flow, 
however, the points for each individual (Fig. 2) fall on a curve with an upward 
concavity, but the averaged points (Fig. 6) lie close to those of the effect of 
histamine on the forearm. The response of the hand vessels to acetylcholine, 
however, deviates markedly from all the other slopes. We attribute this 
difference to the rapid destruction of acetylcholine by the blood cholin- 
esterase. If the dose of histamine is plotted on an arithmetric scale against 
the hand blood flow, a linear relationship is found for each individual. Our 
data is insufficient to allow us to assess the significance of this relationship, 
but it appears to be regular. 


R + 1 4 16 64 256 1000 4000 
Fig. 6. The relationship between the forearm flows and the logarithm of the dose of acetylcholine 
and histamine. Points were obtained by averaging the flows of the individual subjects 
illustrated in Fig. 2. Lines were drawn by inspection. Ordinate: blood flow in ml./100 ml./ 
min. Abscissa: dose in ug on log scale. 


The difference of about 10 sec in time of onset of vasodilatation in the hand 
and forearm when histamine is injected into the brachial artery suggests that 
it takes about 10 sec longer to reach the hand than the forearm vessels. This 
is a surprisingly long time, but the following considerations suggest that it is 
within the bounds of possibility. When histamine is injected into the sub- 
clavian artery, the delay before the start of vasodilatation in the forearm was, 
in five experiments on two subjects, 18, 17, 16, 17 and 21 sec, although when 
injected into the brachial artery the average delay was 6-5 sec. This difference 
is clearly due to a difference in transport time to the vessels, and not to 
reaction time of the vessels themselves. This suggests that the hand and fore- 
arm delays after brachial injections of histamine may also be explained by 
a difference in transport time. It seems fair to assume, therefore, that 
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acetylcholine is exposed to the action of cholinesterase for 10 sec longer in 
travelling to the hand than to the forearm vessels. 

The view that the acetylcholine is largely destroyed in the blood stream 
before reaching the more distant parts of the limb rests mainly on a com- 
parison of the response to the substance (a) of the hand vessels after brachial 
injection (Fig. 6), (b) of the forearm vessels after subclavian injection (Fig. 3) 
and (c) of the forearm vessels after in vitro exposure to blood for about 10 sec 
followed by brachial injection (Fig. 5). These dose-response curves are very 
similar, They suggest that up to a dose of at least 250 wg the acetylcholine 
was virtually all destroyed. With larger doses, presumably because of the 
saturation of the blood cholinesterase, a substantial part of the dose reached 
the vessels unchanged. 

Since nearly the whole of a small dose of acetylcholine is destroyed before 
reaching the hand, we must suppose that a great deal is destroyed before 
reaching the forearm. The interval between injection and the onset of vaso- 
dilatation in the forearm is of the order of 6-5 sec, and in this interval between 
90 and 99% of the injected dose may well be hydrolysed. If this is so, the 
dose actually reaching the vessels when } yg is injected may be of the order 
0-025-0-0025 pg. 

SUMMARY 

1. Injections of acetylcholine and histamine have been made into the 
radial, brachial‘and subclavian arteries, and the effects on the circulation of 
the hand and forearm studied. 

2. Injection into the brachial artery of } ug of either substance over 1 min 
causes a definite increase in the rate of blood flow through the forearm. 

3. Injection of 1 wg of histamine over 1 min causes a definite increase in 
hand flow, but doses of acetylcholine of less than 250-4000 yg are without 
effect. 

4. Evidence is presented which shows that the relative insensitivity of the 
hand vessels to acetylcholine injected into the brachial artery is due to 
destruction of the drug in the blood stream. | 

5. The flows in the forearm after injection into the brachial artery of 
+-4000 acetylcholine or }-64 of histamine are proportional to the 
logarithm of the dose. 


We wish to thank our colleagues and students at as iii Giada of Belfast who 
have acted as subjects for many of these experiments. 
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THE ELECTRICAL PROPERTIES OF CRUSTACEAN 
MUSCLE FIBRES 


By P. FATT anp B. KATZ 
From the Department of Biophysics, University College, London 
(Received 21 October 1952) 


Crustacean muscle has been of special interest to physiologists because its 
myoneural junctions show the properties of: central nervous synapses. The 
muscles are supplied by excitatory and inhibitory nerve fibres which can be 
stimulated separately, and whose interaction can be studied at the level of 
the nerve-muscle junction. As was pointed out in recent reviews (Wiersma, 
1941; Katz, 1949), much valuable information has been obtained about the 
organization of the crustacean nerve-muscle system, but little progress has 
been made in elucidating the mechanisms by which antagonistic nerve impulses 
exert their effects on the muscle fibres. 

As a first step, it seemed necessary to study the properties of crustacean 
muscle fibres, quite apart from their nerve junctions. Hitherto, most of the 
elementary properties of the crustacean muscle membrane have remained 
unexplored, largely because of technical difficulties in obtaining suitable fibre 
preparations. With the help of intracellular electrodes, this difficulty can be 
overcome, and in the present work extensive use has been made of this 
method, for stimulating and recording across the surface membrane of 
individual muscle fibres. 

The object of this paper is to present electrical measurements on the 
crustacean muscle membrane, in particular its resistance’ and capacity, its 
resting and action potential, and its electrical reactions in various ionic 
environments. As was indicated in previous notes (Fatt & Katz, 19516, 1952), 
the electric response of crustacean muscle fibres, and especially its persistence 
in sodium-free media, differs from that of many other excitable tissues, and 
the evidence for this will be discussed in detail. 


METHODS 


Application of intracellular electrodes. The usual procedure was to introduce two micro- 
electrodes into the same fibre, one to pass current through the membrane, the other to record 
the membrane potential. The circuits were completed by separate external electrodes whose 
connexions are shown in Fig. 1. The micro-electrodes were operated by separate manipulators and 
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observed with a Greenough microscope (magnification x 35, field of view 5-5 mm). The distance 
electrodes the switch in Fig. 1 was placed in position 2, in which each electrode was connected 
to one grid of the balanced voltage amplifier. The entry of an electrode into the fibre was indi- 
cated by the sudden appearance of the resting potential and, after returning the switch to 
position 1, by the presence of electrotonic potentials at one electrode when rectangular current 
pulses were passed through the other. The latter test was particularly useful, in that it gave a 
positive result only when both electrodes were inside the same fibre; it could also be employed, 


Fig. 1. Arrangement of electrodes for intracellular stimulation and recording. Note: double-pole 
double-throw switch; position 2 for testing electrode insertion, position 1 for normal use. 


Current and potential across the fibre membrane were recorded by separate channels and 
displayed on a double-beam oscilloscope. The current intensity was measured as the p.d. across 
a 12,500 Q eeries resistor. For calibration of the voltage amplifier, known voltages were intro- 
duced between this resistor and earth, while the grid of V, was earthed. Any errors which might 
arise from imperfect balance of the potential-recording system (failing to suppress the ‘in-phase’ 
negligible. 

Preparation. The crabs (Portunus depurator and, occasionally, Carcinus maenas) were supplied 
by the Marine Biological Laboratory, Plymouth, and kept in the laburatory in jars of aerated sea 
water which was replaced at intervals of a few days. In keeping Portwnus it was important to 
protect the animals against a rapid rise of temperature (cf. pp. 179 and 185). In most experiments 
the extensor muscle of the carpopodite was used. This muscle consists of a fairly thin layer of 
fibres attached to the shell of the meropodite. The fibres are several millimetres long and run 
obliquely from the shell to a chitinous tendon (apodeme) which is joined to the carpopodite. The 
fibre diameters vary between about 70 and 500 (Portunus), and 100 and 600 » (Carcinus). 
To expose the muscle, the opposite part of the shell was removed, together with the flexor muscle 
and main limb nerve. The preparation consisting of meropodite and carpopodite, with the 
extensor muscle attached to shell and joint, was mounted under rubber bands on a glass slide, 
and the muscle gently stretched by flexing the joint. The preparation was immersed in saline in 
a Petri dish which was set up on a glass plate and attached to a mechanical stage, the whole being 
viewed in transmitted light. 

Most experiments were carried out at room temperature (the preparation being 1-2° C cooler 
than recorded, ef. Fatt & Katz, 19514); in special experiments, however, the temperature of the 
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Solutions, The ‘normal’ saline had the composition shown in Table 1. It has been used 
successfully by many previous workers (cf. Pantin, 1934), but it was found to be a rather im- 
perfect substitute for the normal environment of the muscle: the fibree often passed through a 
phase of weak contracture when the saline was first applied, and the frequent absence of electric 
responses may well have been accentuated by the use of this saline. 

In many experiments some constituents of the solution were partly or wholly replaced. For 
example, Na was replaced by various quaternary ammonium ions, their osmotically equivalent 
concentrations being shown in Table 1. In other experiments NaCl was replaced by sucrose, but 
unfortunately prolonged soaking of the muscle in such electrolyte-deficient solutions produced 
irreversible damage. This could be prevented by substituting mixtures of sucrose and MgCl, 
for NaCl (Table 1), care being taken to check the effect of the raised Mg concentration. When 
changing solutions, the bath was stirred and sometimes the muscle ‘syringed’ under slight pressure, 
in order to accelerate washing the spaces between the loosely packed fibres and between fibres 
and shell. in the course of these experiments, the effects of several quaternary ammonium ions 
were examined, especially of choline, tetraethy] ium (TEA) and tetrabutyl 
(TBA). 


Taste 1, All concentrations in mm, i.e. millimoles per kg/H,O. Intermediate concentrations 
were obtained by mixing known volumes of solutions A and B, or C and D, or D and &. 


B. Quaternary D. E. (Quaternary 
A, Normal ammonium C, (Na+Mg) (Sucrose + Mg) 
crab Ringer Ringer i Ringer 
Nat 513 423 
K+ 12-9 12-9 12-9 12-9 12-9 
Ca** 11-8 11-8 11-8 11:8 11-8 
Mg** 23-6 23-6 82-6 82-6 82-6 
cr 608 622 199 634 
HCO; 2-6 2-6 2-6 2-6 2-6 
Choline chloride and acetylcholine chloride were used as supplied commercially (Roche, Light). 
Diethanoldimethyl iu chloride wes provided by Dr B. Lorente de N6 of the Rockefeller 
Institute, New ‘York. Tet th ium, tetraethyl ium and phenyitrimethyi- 
ammonium as iodides were obtained locally (Hopkin and Williams, Light). Tetrabutyl 
as the iodide and b It thyl jum as an aqueous solution of the hydroxide were 


supplied by Eastman (Rochester, New York). The iodides were converted to chloride by shaking 
them up in water (sufficient to make about an 0-6 m solution) with an excess of freshly precipitated 
silver chloride. The solid material was filtered off. The solution was then saturated with H,S and 
filtered again in order to reduce further the silver ion remaining in solution. The benzyltrimethyl- 
ammonium was similarly treated after having neutralized the hydroxide with HCl. The H,S was 
removed by placing the solution in a desiccator over NaOH and carefully evacuating. 

All the substances treated in this manner, except tetrabuty! jum , were then purified by 
crystallizing from concentrated solutions in either water or ethyl alcohol. Tetrabuty tyl 
which could not be made to crystallize from concentrated solution could be purified for the 
present purpose by crystallizing as a hydrate in the cold (below 14° C). 

Because of the difficulty in obtaining the salts free of water, all the quaternary ammonium 
chlorides as well as CaCl, and MgCl, were usually made up to solutions of the desired concentration 
by titrating the chloride by the Volhard method, in an aliquot of solution of measured weight. 

Other substances which were used in the experiments were glycine betaine, trimethylamine 
oxide and procaine, all obtained as the hydrochlorides (B.D.H.) and neutralized with NaOH. 
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RESULTS 
I. Electric properties of resting muscle fibres 
Rests 

When the microelectrode entered a muscle fibre, a potential drop of about 
70 mV was recorded, the inside of the cell being negative. In 144 fibres 
(normal saline, 20° C) variations in resting potential between 56 and 90 mV 
were observed (mean 70 mV, s.z. +05 mV). Often, the p.d. appeared (and 
disappeared) instantly, during penetration (and withdrawal) of the electrode 
and remained constant for many minutes while the electrode stayed inside 
the fibre. At times, however, there was an irregular or step-wise increase of 
the p.d. during ‘difficult’ penetrations, suggesting the presence of obstructions 
(e.g. nerve branches, connective tissue, sarcolemma; cf. Pl. 1). Occasionally, 
when an electrode was withdrawn the whole of the p.d. did not disappear at 
once, but there was a slowly subsiding remainder of about 10-20 mV. It is 
possible that, in such cases, the tip of the electrode may have retained a ‘plug’ 
of myoplasm, and that the residual p.d. outside the fibre arose at the junction 
between this plug and the saline bath (a junction potential of this order has 
been estimated previously, see Hodgkin & Katz, 1949). In all these respects, 
crustacean muscle fibres do not differ from other cells to which the micro- 
electrode technique has been applied. 


There was, however, one interesting phenomenon which has apparently not been seen else- 
where: often, during a very small forward excursion of the electrode (small compared with the 
fibre size), the resting potential appeared and abruptly vanished again, as though the tip of the 
electrode had entered and passed through the cell. When the movement of the electrode was 
reversed, there was again a transient appearance of the resting potential. This happened in some 
locations, not in others, but at those points where it was seen, it could usually be repeated many 
times. One possible explanation may be the presence of superficial folds in the muscle fibre so 
that a minute forward movement might cause the electrode to go into and through the cell. 
Nerve fibres are said to spread along and penetrate more or less deeply into crustacean muscle 
fibres (d’ Ancona, 1925) and it may be that convolutions are formed around the nerve terminations. 
The possibility of such complicated surface structures must be borne in mind: it might affect 
estimates of surface area, as well as be a source of retention or slow diffusion of solutes. 


Effect of potassium. Crustacean muscle is known to have a high potassium 
content (Scholles, 1933; Katz, 1936), and it is of interest to inquire whether 
its resting potential is related to the potassium gradient across the fibre 
membrane, similarly to that in other nerve and muscle tissues. 

When the crab-Ringer containing 12-9 mm-K was replaced by ‘isotonic 
KCl’ (580 mm), immediate depolarization occurred, e.g. the resting potential 
of twelve fibres fell from 70 mV (s.z. +1-5) to —1‘5 mV (s.z. +0-57). The 
depolarization was not completely reversible, even though the muscle had 
remained in the K-rich solution for only a few minutes. After return to crab- 
Ringer the resting potential rose to 40 mV and more slowly increased to 51 mV. 
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EXPLANATION OF PLATE 

Photomicrographs of crustacean muscle fibres. Portunus, M. extensor of carpopodite. The 
shell of the meropodite was removed far enough to see details of a fibre at the edge of the muscle, 
in transmitted light. Scale: 200 » for A, 54 » for B-F. In A, the whole width of a fibre 
(approximately 200 ) is shown with low magnification. Above the fibre, the tip of a coarse 
external capillary electrode is visible. In B-F, with higher magnification, the insertion 
(between B and C) and, at a different level of the fibre, the withdrawal of a micro-electrode 
(between H-and F) are shown. In C, D and £ the resting potential was between 60 and 
70 mV. During insertion, the pressure of the electrode indents the fibre, a barely visible 
‘dimple’ being formed round the tip (in C and D); during withdrawal the electrode pulls 
« ‘bulge’ (in Z) which vanishes as soon as the tip is completely withdrawn (in F). The dark 
cand at the edge of the fibre, in D-F, resulted from a change in the focusing level; this was 


-eadjusted to keep the electrode tip, rather than the fibre edge, in focus. 
To face p. 174 
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With smaller changes of the external K concentration, intermediate effects 
were observed, illustrated in Fig. 2. Unfortunately, no great reliance can be 
placed on absolute quantities or the exact slope of the relation, because even 
after small alterations there was always sonie ‘hysteresis’, the membrane 
potential failing to return completely to the original Ringer level. This was 
particularly noticeable at the beginning of the experiments when the effect of 


+25- 
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1 100 1000 

Potassium concentration (mm) 

Fig. 2. Effect of potassium on resting potential. Abecissa: external potassium concentration 
[X,] in mm, on logarithmic scale. Ordinate: change of resting potential 2,,.,- Ey,» the 
normal concentration [X,,] being 12-9 mm. The increase of potential was obtained in K-free 
solution. Each value is a mean from twelve fibres of one muscle, the same preparation being 
used for all concentrations except the highest (580 mm). In determining the ordinates for 0, 
26, 53 and 105 mm, the mean values of two series of measurements in normal Ringer, before 
and after changing to [K,], were used. 


K removal was studied. As shown in Table 2, the resting potential rose by 
some 15 mV in the K-free solution, but failed to decline to the original level, 
and in one experiment continued to rise after the muscle was returned to 
Ringer. The highest value obtained in this way in crab-Ringer (12-9 mm-K) 
was 95 mV. During repeated exposure to a K-free medium, the membrane 
potential could be driven up to 100 mV, and in some fibres as high as 110 mV. 
The reason for this curious phenomenon is not clear; it might have been due 
to slow diffusion of potassium and chloride across some unidentified hypo- 
lemmal spaces, but it seems to us more probable that slow changes in the 
membrane permeability were responsible for these ‘hysteresis’ effects. 
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Effect of temperature. The resting potential showed a small positive tempera- 
ture coefficient. Twenty measurements at 2-6° C (varying between —0-4 and 
+6-5° C) gave a mean potential of 64 mV (s.z. +1 mV, range 54-72 mV), 
compared with 70 mV at 20°C (+0-5 mV, 144 measurements). In sixteen 
experiments, the same fibres were used for comparative measurements at 
different temperatures: in these an increase from 2 to 14° C was accompanied 
by a 9 mV (+2 mV) increase of the resting potential (from 64 to 73 mV). 


TaBiz 2. Effect of K concentration on resting potential 


Mean values and s.x. of means, from twelve fibres of the same muscle. Temperature 19° C. 
K was increased by replacing Na. Measurements started after 5 (or more) min soaking in the 
solution; each set of readings was completed within about 5 min. 


Resting potential (mV) 
Time of first K concentration — A . 
reading (min) (mm) Mean 8.5. 
0 12-9 68 +1-4 
13 85 +1-2 
23 12-9 79-5 +1-2 
36 94-5 +0-9 
50 0 98 +0-8 
64 12-9 86-5 +0-9 
83 12-9 83 +0-8 
26-3 73-5 +0-7 
113 12-9 75 +0-7 
126 12-9 77 +09 
54 +0-65 
152 12-9 70 +0-85 
165 105 32 +0-7 
180 12-9 61 +0-95 
194 263 12 +0-4 
Electric constants of the resting fibre 


In several experiments the subthreshold cable properties of the fibres wete 
examined using the rectangular pulse technique (Hodgkin & Rushton, 1946; 
Lorente de Né, 1947; Katz, 1948). Two intracellular electrodes were used for 
passing current and recording potential differences across the membrane. The 
technique was the same as described by Fatt & Katz (1951 a; see also Methods), 
except in the following details: 

(i) Measurements were made at several distances, keeping the ‘current’ 
electrode fixed and moving the ‘voltage’ electrode along the fibre. 

(ii) Fibres of clear outlines were chosen whose size could be measured with 
the microscope. In several cases, this was checked by transverse displacement 
of the two internal electrodes: as long as both remained in the same fibre, 
subthreshold potential changes were recorded with only slight attenuation, 
as soon as one electrode entered a neighbouring fibre, the potential changes 
vanished. 

This result incidentally showed that the different muscle fibres behave as separate cable units 


and not as a ‘syncytium’. If there are protoplasmic connexions between them, their resistance 
must be so high as to render local current spread undetectable. 
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While it was not difficult to measure the thickness of the fibres, as exhibited 
in situ, estimates of circumference and cross-sectional area were less certain. 
They were based on the assumption that the fibres are cylindrical, and no 
account could be taken of surface folding or departure from circular cross- 
section. Whenever practicable, the ‘polarizing’ electrode was inserted at the 
middle of the fibre, a few millimetres from its ‘shell’ and ‘tendon’ ends. 

When examining isolated muscle fibres, elliptical cross-sections were often 
found, especially with large fibres whose axes might differ by a factor of two. 
This may have caused a serious error in the estimate of fibre volume and 
specific internal resistance. It is possibly reflected in the large scatter of 
R, (Table 3), and we suspect that the values of R, in the fibres of largest 
observed diameter may have been overestimated in this way. 

(iii) The analysis of the results depends on the theory of a linear cable and 
requires that the diameter of the fibre should be small compared with its 
length constant. This was not always fulfilled, especially not with large fibres 
where two kinds of discrepancy from the cable theory occur: (a) the spatial 
decrement of the electrotonic potential is exponential only at some distance 
from the ‘current electrode’ (Fig. 4). In the area immediately surrounding 
this electrode, the decrement is much steeper because electric charge spreads 
along the fibre surface circumferentially as well as longitudinally. (b) In 
the same region, an ‘instantaneous’ p.d. is developed across the transverse 
resistance of the cell interior, which interferes with the recording of the 
electrotonic potential. In practice it was necessary to restrict the analysis 
to fibres of less than 250 y diameter, in which a fairly good agreement between 
the results and the simple cable theory was usually found. 

Examples of the results are shown in Figs. 3 and 4, and a summary of eight 
experiments is given in Table 3. The most interesting result is the very large 
size of the membrane capacity, about 40 pF/cm*, and the low resistance, 
about 100 Qem*. Twenty-one other, less complete, experiments were made 
which were not included in Table 3. In all these experiments, the membrane 
capacity was of the same large order (average 50 »F/cm*, range 24-83 »F/cm’), 
but the membrane resistance and, therefore, the length and time constants 
varied greatly, depending upon the type of muscle, temperature and other 
conditions (see p. 198). The lowest values were: A 0-4 mm, r,, 1-2 msec, R,, . 
about 20 Qem?; the highest (observed in the opener of the claw of a Hermit 
crab Eupagurus bernhardus): A 2-65 mm, 7,, 55 msec, R,, about 2000 Q cm’. 
It should be noted that the resting potential was higher in the former case 
(85 and 65 mV respectively). 

Effect of temperature. In several experiments the effect of temperature on 
the fibre constants was investigated, using a simplified procedure with measure- 
ments at only two or three positions along the fibre. An interesting result 
was obtained, namely that the membrane resistance falls greatly as the 
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Fig. 3. | Fig. 4. 

Fig. 3. Electrotonic potentials. Carcinus. 110 py fibre. Top record: anodic current pulse. The 
other records show membrane potential changes at the indicated distances from the point 
of current application. 

Fig. 4. Electrotonic potentials. Carcinus muscle fibres. Abscissa: distance between intracellular 
‘current’ and ‘voltage’ electrodes. Upper part: spatial decrement of steady anelectrotonic 
potential. Ordinate: relative size of electrotonic potential in logarithmic units. Three fibres 
of different sizes: the smallest shows simple exponential decrement, the larger ones show 
a steep ‘origin distortion’ (see text). Lower part: variation of ‘half-time’ of electrotanic 
potential with distance (used for determining membrane time-constant). Ordinates: ‘half- 
time’ in msec. The small fibre shows a linear relation, the larger one shows ‘origin distortion’. 


3. Electric constants of crustacean muscle fibres 


A, length constant; r,,, time constant; R,, specific resistance of myoplasm; R,, and C,,,, pecific 
membrane resistance and capacity. 


Fibre 

Temp. diameter potential A Tun R,; R,, Cn 
‘Species (°C) (mm) (msec) (Gom) (uF 
Carcinus 17 110 72 1:3 67 37 230 29 
Carcinus 18 185 76 1-16 6-5 58 170 38 , 
Carcinus 18 190 67 0-95 4-2 50 95 44 
Portunus 20 150 76 0-78 4 52 86 | 47 
Portunus 24 220 64 0-6 3-3 125 83 40 
Portunus* 21 255 72 0-74 3-5 112 97 36 
Portunus* 21 165 72 0-78 26 32 48 55 
Portunus* 21 210 70 0-83 58 SY 117 50 
Mean 20 180 71 0-9 4-6 69 116 42 


* In these experiments solution C, in all others solution A was used. 
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temperature is raised, while the resting potential increases. There was no 
significant effect of temperature on the membrane capacity. In seven experi- 
ments, in which the same fibres were examined at 2° C (0-5-3-5° C) and 17° C 
(15-18° C), the following mean values were found: (i) the resting potential 
increased with temperature from 64 to 80 mV; (ii) the membrane resistance 
fell from 194 to 52 Q2om?; (iii) the specific resistance of the myoplasm fell 
from 152 to 111 Qcm, (iv) the membrane capacity was 58 and 59 »F/cm? 
respectively. The values of resistances and capacity were less accurate than 
those in Table 3, but give a useful indication of temperature effects. Thus 
values are about 1-2 (s.z. + 0-11) for myoplasm resistance, and 2-5 ( + 0-27) 
for membrane resistance. The former value does not differ significantly from 
that of ordinary electrolytes, while the latter is well above it. 

If the temperature of the muscle was raised several degrees above 20° C it 
was often found, especially when the crabs had been kept previously in cool 
sea water, that the membrane resistance dropped irreversibly. This effect will 
be discussed further in § IT. 

Voltage/current relation. When measuring fibre constants, the applied 
current through the membrane was inward (‘anodic’) throughout; the intensity 
was about 1 wA which raised the membrane potential locally by about 10 mV. 
An increase of current strength to several microamperes produced a propor- 
tional increase of the potential change. With outward (‘cathodic’) current, 
however, the relation between voltage and current became non-linear when 
the depolarization exceeded about 20 mV; this was observed in all fibres 
which had retained some vestige of electric response (§ II); it showed itself 
in a gradual increase of the voltage/current slope and in the appearance of 
local and eventually propagating action potentials (Figs. 5-7). 


II. The electric response of crustacean muscle fibre to direct stimulation 

The electrical properties of resting crustacean muscle differ in important 
respects from those of other excitable tissues. The fibres are of about the same 
size as the largest nerve axons of cephalopods, but their membrane capacity 
is some 40 times greater and the resistance of the unstimulated membrane 
much smaller. This in itself must have an important effect on the electric 
excitability of crustacean muscle, and it is worth considering what kind of 
action potential one might expect from such fibres. Suppose the mechanism 
of their resting and action potentials is the same as that found in the squid 
giant axon and various other types of nerve and muscle fibres ( Hodgkin, 
1951), with a relatively high K (and Cl) permeability of the resting muscle 
fibre (accounting for the resting membrane conductance) and a sudden pulse 
of inward current during activity (due to a specific increase of Na — 
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giving a maximum of about 1 mA/cm*. As a consequence of the large mem- 
brane capacity, other factors being equal, the action potential of crustacean 
muscle could propagate at only 1/40 of the speed of a Sepia or Loligo axon 
(cf. Offmer, Weinberg & Young, 1940; Katz, 1948). The situation is even less 
favourable, for the pulse of inward current generated by the active membrane 
must not only discharge a very large capacity (40 .F/cm*), but is opposed by 
the relatively high leakage current which has been shown to pass through the 
resting membrane (100 Q¢em*). On these grounds, small and slow action 
potentials are all that can be expected. 

Propagated responses have previously been observed in crustacean muscle 
(Katz & Kuffler, 1946), but they did not invariably occur; quite often the 
muscle responded to an electric stimulus only locally. When propagation took 
place the conduction velocity of the spike was very low, about 20cm/sec at 20°C. 

During the present work we encountered great variability in the size of the 
action potential in different muscles, and even in different fibres of the same 
muscle, In some preparations, only electrotonic depolarization could be 
produced; ¢hese muscles usually came from animals of poor condition, and 
their fibres had a very low membrane resistance. With sufficiently strong 
depolarization a local contraction was still seen, similar to that in a narcotized 
or sodium-deprived frog muscle, without being associated with an action 
potential. A condition of this kind could be brought about by raising the 
temperature of the animal, or of the isolated muscle, and by certain chemical 
changes, e.g. by calcium withdrawal. But sometimes this state of electric 
inexcitability appeared for no obvious reason nor could it be overcome by the 
use of chemical ‘activators’ described on pp. 186 et seg., below. 

In the majority of the muscles, used with normal Na-saline, local action 
potentials were obtained when a sufficient outward (‘cathodic’) current was 
sent through the fibre membrane, and in many cases the action potential 
was large enough to propagate itself along the whole length of the fibre 
(Figs. 5-7). At the point of stimulation the local action potentials were found 
to ‘take off’ above a level of depolarization amounting to 20-45 mV (Fig. 5). 
With prolonged current pulses, the activity became repetitive; this is 
illustrated in Fig. 5. (records 7~11), where an ‘oscillatory’ as well as an 
‘intermittent-spike’ type of electric response is shown. 

Using the Na-saline, it was difficult to predict whether a particular fibre 
would give a small non-conducted spike of, say, 5 mV amplitude, or a large 
propagating potential of 60-80 mV. There was, however, some relation to the 
general state of the animal, and a fair consistency was often obtained between 
fibres of any one muscle. It may be noted that propagated responses were 
seen more frequently in Portunus than in Carcinus muscle. 

There was an interesting relation between action potential and mechanical 
response. A local miniature spike was accompanied by a distinct local twitch, 
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even though the spike amounted to only a small increment in the local 
depolarization (sometimes as little as 4 or 5 mV, added to some 40 or 50 mV 
of electrotonic potential). It seemed surprising that a small and brief abortive 
spike was accompanied by an apparently much more powerful local contraction 
than a similar increment in the electrotonic potential, but it should be noted 
that a local electric response spreads further than a ‘passive’ electrotonic 


potential (Hodgkin, 1938) and thus a greater length of fibre would be involved 
in the twitch. 


Fig. 5. Action potentials in crab-Ringer. Records 2-5 from Portunus, all others from Carcinus. 
Record 6 shows ‘injury’ discharges in a Carcinus muscle fibre, the other records show different 
types of response to cathodic currents (see text). In records 2-5 and 7-11 several current 
pulses were applied during successive time base sweeps (pulses of constant duration and 
varying intensity in 2-5 and 7-9, varying duration and constant intensity in 10-11). 
Distances between intracellular stimulating and recording electrode varied between 1004 
(records 1, 7 and 9) and 700, (records 2 and 3). Record 4 shows a ‘zero potential’ line: 
the spike happens to be equal to the resting potential. Scales: 20 msec and 50 mV. 


The effects of different cations on the action potential 
um | 
Examples of electric responses obtained in normal crab-Ringer are 
illustrated in Figs. 5-7, which show the diversity between small (local) and 
large (propagated) spikes in different fibres. The shape of the action potential 


| 
4 
‘ 
+ 


182 P. FATT AND B. KATZ 

varied as well as its amplitude: at 20° C brief spikes, of 2-3 msec duration 
(measured between points of maximum slope), and broad, sometimes humped 
or double-peaked potentials of up to 17 msec duration were observed. It will 
be shown below that the duration of the action potential is susceptible to 
a thousand-fold change, depending upon experimental conditions, and it is 
therefore not very surprising that a several-fold variation ocours under 
apparently unchanged conditions. 


Fig. 6. 

Fig. 6. Action potentials and movement artifacts. Portunus, Five different muscle fibres. Each 
record shows resting and action potentials (a with recording micro-electrode outside, b resting 

potential). Different appearances of movement artifacts in 2-5. Temperature: 20-26-5° C 
in 1 and 3-5; 0-5° C in 2. Distance between internal stimulating and recording electrodes: 
0-5 mm in | and 2; 2-5 mm in 3, and 2 mm in 4 and 5. Scales: 20 msec and 50 mV. 

Fig. 7. Propagation of muscle impulse. Carcinus, Distancee between stimulating and recording 
electrodes shown in figure. Left part: note decline of electrotonic potential and delay of 
action potential with increasing distance, Calibration: 50 c/s with 10 mV spacing between 
sweeps. Right part: another fibre. Upper portion showing longitudinal propagation of 


impulse; lower portion: transverse separation of stimulating and recording electrodes along 
fibre circumference. 


The most commonly observed ‘sodium spike’ had a sharp, almost cusped 
peak with a high initial rate of decline. At times it appeared that the 


ascending phase of the action potential was ‘cut short’ abruptly and collapsed 
more rapidly than it rose. 
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The propagated action potential is followed by a quick twitch of all-or-none 
type (disregarding localized mechanical responses which occur below the 
propagation threshold). The question arises whether the intracellular record 
of the spike may be vitiated by movement artifacts. Such artifacts occurred 
frequently, but could always be recognized (i) by their delayed appearance, 
beginning at the earliest some milliseconds after the spike peak, provided 
the recording electrode is close to the point of stimulation, (ii) by their 
irregular occurrence, and (iii) by the fact that the electrical change was of the 
kind which accompanies a partial or complete withdrawal of the internal 
electrode, or @ series of transient withdrawals and re-entries. The point is 
best brought out by Fig. 6 which shows the unmistakable differences between 
late, irregular, movement artifacts and initial response. 


TaBiz 4. Resting and action potentials of crustacean muscle fibres 


Action potentials: only propagated potentials have been included. Solutions: for Na, solution A 
(Table 1), for choline and TEA solutions B were used. With TBA the effect was irreversible and 
measurements have, therefore, been included which were made in solution B or other solutions after 
the TBA effect had been established. Duration of action potential was measured between points 
of maximum slope. With TBA, some longer potentials were seen, but exceeded the length of the 
photographic record. Mean values and 8.8. of mean (or range, for duration) are shown with 
number of fibres in brackets | 


Action V, Maxim 

Resting - poten mV, um 

Temp. potential potential inside oe rate of rise Duration 

Principal cation (° C) (mV) (mV) outside) (V/sec) . (msec) 

Na 22 72+0-65 6141-2 -11 20-5+1 3-§ [2-17] 
(110) (59) (37) (106) 

Choline 22 69+1-1 +10 (2843) 24 [7-45] 
(31) (30) (3) (26) 

TEA 23 63-5+1-4 9642-9 +33 3645 102 [23-260] 
(27) (27) (6) (14) 

TBA 20 58 +1-45 70+ 1-85 +12 440-65 1100 [430-2160] 
(27) (27) (8) (20) 


Measurements made on a large number of fibres (temperature 16-5-26° C) 
are summarized in Table 4. As was previously stated, the amplitude of the 
action potential varied between nil or'a few mV and 84 mV. In Table 4, the 
sizes of action potentials were taken from propagated spikes; non-conducted 
responses were excluded. Furthermore, the mean value of 61 mV was derived 
from records made at some distance from the point of stimulation, or some 
time after the end of the pulse, so that any residual electrotonic component 
must have been very small compared with the measured spike height. In a less 
exclusive series of measurements, a mean amplitude of 63 mV (s.z. +1 mV, 
80 observations) was found. These values are about 10 mV less than the resting 
potential, and the mean difference would become much larger if the size of the 
non-conducted spikes had been taken into account. 
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Duration. The duration was measured between the points of maximum slope 
during rise and fall of the spike potential. The mean value (3°5 msec) was 
taken from eighty propagated and twenty-six non-propagated action potentials. 
This value is not very accurate, because with a ‘cusped’ spike of the kind 
shown in Fig. 6 the inflexion points are close to the peak of the wave, and 
a relatively large change is produced by small errors in selecting points of 
maximum slope. When the width of the spike was measured at a lower level 
(about 50% of the peak), a mean value of 5-2 msec was obtained. The main 
object of these measurements was to provide a comparison with the very much 
larger and relatively more accurate values obtained with certain quaternary 
ammonium ions (see Table 4), and for this purpose it makes little difference 
whether 3-5 or 5-2 msec is taken as a representative figure for ‘sodium- 
spikes’. 

Mazimum rate of rise. This was taken from thirty-seven fibres, only those 
records being used in which any local electrotonic component was negligible. 
The mean value of 20-5 V/sec may seem small compared with the 500- 
1000 V/sec in a squid axon (Hodgkin & Katz, 1949), but it is probably more 
pertinent to "compare the ionic membrane current associated with the rising 
phase of the action potential. If we make use of the argument of Hodgkin & 
Katz (1949, p. 55), we find a net ionic inward current of 


20-5 V sec x 42 pF cm-*=0-86 mA/cm?, 


which is close to the current density estimated in the squid giant axon. 

The ‘active’ inward current must have been even greater, because a large 
‘passive’ outward current was presumably flowing through the depolarized 
membrane at that instant. The maximum slope was measured at about 
50 mV of spike height: with a leakage resistance of the resting membrane of 
116 Qem? (Table 3) the ionic outward current would have been at least 
(i.e. disregarding the onset of ‘delayed rectification’, cf. Hodgkin, Huxley & 
Katz, 1949) 50 mV/116 Qcm*?=0-43 mA/cm*. Hence, the observed rate of 
rise required an ‘active’ inward current of at least 0-86 + 0-43 =1-29 mA/cm’. 

Conduction velocity. In twenty-one fibres (at 21° C) estimates of the propa- 
gation velocity were made by recording the action potential at different 
distances along the fibre (e.g. Fig. 7). The method was not very accurate 
because only currents of moderate intensity, and several milliseconds dura- 
tion, could be used with the intracellular electrode, and random changes in 
latency are therefore likely to occur in successive records. The results, how- 
ever, were fairly consistent, the mean value being 29 cm/sec, with variations 
in different fibres between 19 and 42 cm/sec. This confirms the low speed of 
propagation (25 cm/sec) observed by Katz & Kuffler (1946) in a limb muscle 
of the Australian swimmer crab (Portunus pelagicus). In Table 5 two indi- 
vidual experiments are listed on a 510 y and a 300 yu fibre. The velocities in 
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these fibres are little more than 1/100 of those obtained in the only slightly 
larger squid giant axon (500-700 », 25 m/sec at 20° C). 

It is of interest to compare the propagation velocities in crab muscle fibres 
with that in a 30 crab axon (Hodgkin, 1939; Katz, 1947) which, in a large 
volume of saline, conducts impulses at 450 cm/sec. On a simple local circuit 
theory (Offner et al. 1940), velocities of similarly constructed non-medullated 
fibres which produce the same inward current density during excitation, 
should be related as (d/R,)'C-4, d being fibre diameter, R, specific internal 
resistance and C membrane capacity per cm*. That this relation is approxi- 
mately obeyed, is shown in Table 5. Thus the extremely low velocity in a large 
crustacean muscle fibre is consistent with its very large membrane capacity. 


Tasz 5. Relation between conduction velocity and resting fibre constants 


(at about 20° C) 
Radius ©, 
Fibre (u) (Qem); (rel. unite) (meee) References 
20 Ik ~ 90 26 25 Curtis & Cole (1988) Hodgkin 
or (1939), Cole ‘ Hodgkin (1939) 
Crab 15 160 4-5 45 Hodgkin (1080, 1047), Kate 
(1948) 
— B150 {036 0-31 
C125 (7) 0-32 0-29 (21) a 


* A and B are individual fibres, C the mean of several experimente (number in brackete), — 


Effect of temperature. In a few experiments the effects of temperature 
changes were studied. These preparations happened to be taken from animals 
kept at about 12° C and, therefore, the results must be considered separately 
from those summarized in Table 4. These crabs did not survive a sudden rise 
of temperature to 22°C or above. Similarly, the isolated muscles became 
completely and irreversibly inexcitable when their temperature was raised 
to this level. Under these conditions the resting potential was high, the 
membrane resistance very low (§ I), and no action potential could be obtained. 
By contrast, the muscles of animals which had acclimatized to warm sur- 
roundings often gave large propagated spikes at temperatures as high as 
26-27° C, 

In Table 6, an experiment on five fibres is summarized in which the 
temperature was lowered from 12 to —0-4° C and then raised in three steps 
to 12-8°C. In this range, a 10°C fall of temperature caused the resting potential 
to drop by 6 mV, from 69-5 to 63-5 mV, and the action potential to increase, 
in amplitude from 59 to 71 mV, and in duration from 5-1 to 19°6 msec. It is 
interesting that at a low enough temperature the action potential exceeded 
the resting potential (mean reversal point, in eleven fibres, at about 6° C): 
e.g. at —0-4° C it was 13 mV greater, while at 12-15° C, it was about 20 mV 

less. 
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Tanz 6. Effect of temperature on action potential 
Mean values from several fibres of the same muscle. Experiment started at 12° C and proceeded 
in the sequence shown below. 


Resting 
Action mV, 
Tem potential tial inside al Duration No. of 
(° O (mV) (mV) outside) (msec) fibres 
12 70-5 63 -75 5 4 
-0-4 63 74 +11 5 
3 64 68-5 +45 16 5 
Ki 8-1 67 59 -8 6-2 5 
128 69-5 -19 4 5 


Choline 

In spite of quantitative differences the electric response of crustacean 
muscle resembles that of other excitable tissues in many important respects: 
it is elicited by outward current (i.e. at the ‘cathode’) when a sufficient 
depolarization is attained, the fibre gives a local graded and a propagated, 
all-or-none, response which is associated with a wave of transient depolariza- 
tion or reversal of the membrane potential. 

The excitatory mechanism is less stable than that in crustacean or frog 
nerve fibres, but its variability and apparently low safety margin may, in 
part at least, be explained by the properties of the resting fibre membrane, 
its large capacity and low resistance. To obtain further evidence, the role of 
the external cations was studied, in particular the effect of sodium ions which 
are indispensable for the electric response of other excitable tissues (Overton, 
1902; Hodgkin, 1951). 

An attempt to replace NaCl by osmotically equivalent dextrose or sucrose 
was not wholly successful: the fibres became quickly inexcitable, but their 
resting potential was also considerably reduced, and the inexcitability may 
have been merely a consequence of depolarization. To prevent the latter, it 
was necessary to maintain a fairly high electrolyte content in the external 
medium, and various other substitutes were tried. Following the procedure 
of Lorente de N6 (1949) and others (Hodgkin & Katz, 1949; Nastuk & 
Hodgkin, 1950), sodium was replaced by choline which has been described as 
an ‘inert’ cation, being unable to maintain excitability of nerve or muscle 
fibres without altering their resting properties. 

The effect of the substitution of choline for sodium was unexpected and 
striking; in no case were muscle fibres rendered inexcitable; on the contrary, 
the action potential became significantly larger, and many fibres which had 
previously given small local responses now produced large propagated 
potentials. The most noticeable change was the increased duration of the 
action potential which broadened, from a cusped spike of 3-4 msec between 
its points of maximum slope, to a ‘rectangular’ wave of about 25 msec 
duration. These changes were associated with an increase in the twitch 
response, of which a particularly striking example is illustrated in Fig. 10. 
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Typical “choline-potentials’ are shown in Fig. 8 and their measurements 
are summarized in Table 4. The resting potential is nearly the same as in 
sodium, the action potential is about 20 mV larger and, in contrast with the 
sodium response, significantly exceeds the resting potential. The difference 
in size between sodium and choline responses was on the whole even greater 
than indicated in Table 4 because the average value for sodium given there 
does not include small, non-conducted, action potentials. An example of 
successive measurements (Na-choline-Na) made on an individual fibre is shown 


_ in Fig. 8 (records 3-5), the mean values being: resting potential 73 mV in Na, 


and 71 mV in choline; action potential 65 and 85 mV; duration 3-1 and 
32 msec respectively. 


Fig. 8. Choline action potentials. Portunus. Upper part: ‘choline-Ringer’. Distance between 


stimulating and recording electrodes: 0-13 mm in record 1; 2 mm in record 2. Note: action 
potential exceeds resting potential. Lower part: another fibre. Electrode separation 0-5 mm. 
Reoords 3 and 5 in ‘Na’, before and after washing in ‘choline’ (record 4). Scales: 20 msec 
and 50 mV. Resting potential shown by distance between lines a and 5. 


These results show that in crustacean muscle choline is not ‘inert’, but may 
be more properly described as an ‘activating’ ion which reinforces the 
excitatory process. The observation that the action potential is retained and, 
indeed, intensified when the external sodium had been totally replaced by 
choline is so surprising that we could not help suspecting some error. An 
obvious question is whether there may not have been a retention of sodium in 
spaces immediately surrounding the fibre membrane. As the fibres are 
loosely packed and freely exposed to the bath, such retention could only occur 
in the sarcolemma and minute spaces between sarcolemma and myoplasm, 
a layer perhaps some microns thick. We have no direct evidence about the ion 
permeability of this layer, but there are several reasons which make it 
appear very unlikely that any such retention of salt, in hypolemmal or other 
spaces, can account for the action of choline. 

(i) The effect of choline substitution on the response was established 
quickly: it was observed as soon as the bath had been rinsed and replaced 
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and the electrodes reinserted, and there was no appreciable further change 
during the following two hours. When the muscle was returned to crab 
Ringer, the effect reversed equally promptly: When mixtures of sodium and 
choline were used (e.g. one-half of each) intermediate effects were obtained 
which developed with the same rapidity. 

(ii) The qualitative effect was not of the kind which, by analogy with other 
tissues, one might expect to result from an incomplete sodium withdrawal. 
What we, in fact, observed was not the persistence of a reduced response, but 
a substantially increased response. 

(iii) That there is an important difference in this respect between crustacean 
muscle and nerve, was confirmed by the following experiment, The same 
preparation was used, but instead of passing current with an intracellular 
electrode through a muscle fibre, a capillary stimulating electrode was placed 
externally against the nerve which runs along the exposed surface of the 
extensor muscle. The electrode was brought close to a point of the nerve near 
the proximal end of the meropodite, well away from the muscle fibre whose 
membrane potentials were recorded. It will be shown in a subsequent paper 
that, with this arrangement, ‘end-plate potentials’ are produced by nerve 
stimulation and can be recorded along the whole length of the muscle fibres. 
Now, when sodium was replaced by choline the ‘end-plate potentials’ dis- 
appeared at once, but when the current was made sufficiently strong, twitches 
were set up in muscle fibres near the capillary electrode, by direct stimulation. 
On returning to sodium-Ringer, the ‘end-plate potentials’ promptly re- 
appeared. This observation is relevant, because it confirms, under the present 
experimental conditions, the findings of Hodgkin & Katz (1949), viz. that 
crab nerve fibres do not conduct in ‘choline-Ringer’. 

(iv) Insome experiments the isolated limb was‘ perfused’ with the technique 
described by Pantin (1934) and the mechanical response of the flexor of the 
dactylopodite to brief direct shocks recorded. The effect of choline substitu- 
tion was a large increase in the size and duration of the twitch (see Fig. 10), 
qualitatively the same as observed with the microscope on impaled fibres 
exposed to the choline bath. It evidently made no difference how the choline- 
Ringer was applied. 


In these perfusion experiments, an interesting phenomenon (though not obviously related to 
the primary effect of choline) was observed. After a series of shocks, each producing a choline- 
twitch, a slow contracture developed which resembled that of an iodoacetate poisoned frog 
muscle, This was not, and could not very well have been, detected with intracellular electrodes 
because the fibres injured themselves after a few strong twitches, and the number of stimuli 
applied to individual fibres had to be kept to a minimum. 

Because of the long-lasting action potentials, movement artifacts were a more serious technica! 
problem, and many more records were spoilt in choline than in the ordinary saline. The criteria 
for differentiating between response and artifact were the same as described on p. 183, and there 
was no difficulty in distinguishing them, , | 
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The above arguments do not eliminate the possibility that traces of sodium 
may have been left on the outer surface of the fibre membrane; nevertheless it 
seems safe to conclude that the excitability of crustacean muscle is not only 
maintained when choline is substituted for sodium, but that choline is a more 
powerful ‘activator’ of the excitatory mechanism. To obtain further evidence 
the actions of several other quaternary ammonium ions were compared with 
those of sodium and choline. The substances which proved of greatest interest 
were tetraethylammonium (TEA) and tetrabutylammonium (TBA). 


Tetraethylammonium (TEA) 

This ion is much more powerful even than choline, as will be apparent from 
Tables 4 and 7. When substituted for sodium, it enables the fibres to give very 
large action potentials (up to 118 mV amplitude) rising at a greater rate 
(36 V/sec compared with 20-5 V/sec in Na), and much longer duration (up to 
260 msec at 20° C, cf. Fig. 9). The action potential is accompanied by a very 
strong and long-lasting contraction (cf. Fig. 10) which might have been 
mistaken for a tetanus had the electric response not been recorded. The 
contraction was so powerful that at times fibres tore off at their point of 
attachment to the shell. The potency of TEA was further shown in an experi- 
ment in which the excitability of the muscle had been reduced to a very low 
level by soaking in a sodium-free medium in which an isotonic mixture of 
sucrose and MgCl, had been substituted for NaCl. In this solution, some 
fibres still gave minute local action potentials while others appeared to be 
inexcitable. The addition of as little as 2 mm-TEA was sufficient to restore 
large propagated responses in some fibres (Fig. 11). 

The effect of TEA was as prompt as that of choline, and equally quickly 
reversed by washing in crab Ringer, provided a moderate concentration 
(e.g. 50 mm) had been used. When TEA was applied in a concentration of 
527 mm (to replace 513 mm-Na), return to crab-Ringer did not immediately 
reverse the whole effect, presumably because traces of TEA were still present. 
This was made probable because it was found that the addition to crab Ringer 
of only a few millimoles of TEA produced a large increase in the size and 
duration of the action potential. 

Table 4 indicates that the resting potential was somewhat reduced in the 
solution containing 527 mm-TEA. This depolarization was not apparent 
immediately, but developed slowly over a period of many minutes, in contrast 
with the characteristic change in the response which was observed as soon as 
records could be taken. The depolarization was progressive and irreversible 
and eventually lead to complete inexcitability. 


It was difficult to ascertain whether this slow and progressive action was due to TEA itself or 
to impurities such as traces of silver or other heavy metals. We used at first » commercial 
preparation of TEA chloride which certainly contained traces of Ag and other impurities, while 
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Fig. 9. Tetraethylammonium action potentials. Upper part: three different fibres in TEA 
solution (527 mm). Electrode separation: 0-2 mm in 1, 2-5 mm in 2, 1-6 mm in 3. Calibration 
sweeps: 50 o/s separated by 10 mV. Note: large excess of action potential over resting 
potential (shown as in Fig. 8). Lower part: effect of low concentrations of TEA. Record 4: 
muscle in a medium containing 4-4 mu-TEA (one part of eolution Z, Table 1, and 99 parts 
of D (sucrose +Mg)). Record 5: 22 mu-TEA (5 parte Z +95 parte D), Scales: 20 msec and 
50 mV. 


TaBiLz 7. Relative potencies of TEA and choline 


Mean values, taken from three to four fibres of the same muscle. Measurements in Na made 
before and after application of R,N (showing reversibility of effect). Action potential size: only 
propagated potentials included. Solutions were made up by mixing solutions A (=100 Na) and 
B (=100 R,N). 

Resting Action Active-membrane 


potential potential potential Duration 


(a) TEA 
100 Na 74 - 2 3-5 
99 Na+1 TEA 71 Ww) +19 22 
90 Na+10 TEA 70 103 +33 42 
(6) Choline 
100 Na 77 69 - 8 3-3 
90 Na + 10 choline 81 76 - 6 (4-5) 
0 Na + 100 choline 73 82 + 9 20 
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in later experiments the chloride was obtained from a commercial TEA iodide as described in 
‘Methods’. The immediate effect on the action potential was the same with either preparation, 
bat wae mach more rapid with the 
former (15-20 min) than with the latter (more than 1 hr). 

Relation between TEA concentration and size of the electric response. The 
present experiments raise two separate problems: (a) why does crustacean 
muscle, unlike other nerve or muscle tissues (but see Lorente de N6, 1949), 
remain excitable in the absence of sodium, and give action potentials of 
greater amplitude and rate of rise when certain quaternary ammonium ions 
are substituted for sodium? (6b) What causes the enormous change in the 


Tension (g) 


Fig. 10. Muscle contraction in Na, choline and TEA. Upper part: kymograph records of twitches 
of flexor of dactylopodite (Portunus), due to directly applied single induction shocks. Leg 


‘perfused’ with Na, choline, Na and TEA. Lower part: superimposed drawings of contrac- 
tions in the three media, Note: the Na twitch is very quick and recorded with some distortion. 


duration of the electric response? The two phenomena do not necessarily 
depend upon a single factor: the first is concerned with the rise, the second 
with the fall of the action potential; and the recent work of Hodgkin & Huxley 
(1952) has shown that, at least in the giant axon of the squid and probably in 
many other systems, different types of permeability change are responsible 
for these two phases of activity. The squid axon becomes inexcitable in a 
sodium- (and lithium-) free medium, because sodium and lithium appear to be 
the only ions to which the axon membrane offers a negative resistance and 
which provide the inward current necessary for the rise of the spike. It is 
possible that, by a similar mechanism, sodium enters crustacean muscle 
fibres during the ascending limb of the action potential, but if this is the case 
the specific carrier mechanism of the membrane must operate even more 
effectively with choline and much more so with TEA. : 
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‘To test this hypothesis, it is of interest to study the quantitative relation 
between external ion concentration and size of response. If the mechanism is 
similar to that of squid nerve, then a direct proportionality may be expected 
between maximum rate of rise and concentration, and a logarithmic relation 
between amplitude and concentration. 

The difficulty with this experiment is that we have not yet found a completely ‘inert’ substitute 
for sodium, etc., in which crustacean muscle can be kept without either becoming partly 
depolarized or retaining some vestige of excitability. When NaCl was replaced by dextrose or 
sucrose the fibres became inexcitable, but the resting potential was substantially reduced (e.g. from 
68 to 38 mV). During this treatment spontaneous slow contraction waves often appeared in 
individual muscle fibres of the type described by Rollett (1891) and Hirthle (1909). 

With intermediate concentrations (e.g. } NaCl +} sucrose, or } NaCl +} sucrose) there was still 
appreciable depolarization (e.g. reduction of resting potential from 76 to 67 mV), but many fibres 
remained excitable, In some of these, the duration of the rising phase of the spike increased, and 
the action potential reached then the same or a somewhat greater amplitude than in normal 
sodium. The maximum rate of rise was always less in the Na-deficient medium, the reduction in 
five fibres, at a mean Na level of 0-3 of Ringer, being to 0-55 (varying between 0-37 and 0-7). 

To remove the sodium completely and yet avoid drastic depolarization, a mixture of sucrose 
and excess MgCl, (plus usual amounts of KCl and CaCl,) was finally adopted (see Methods, 
solution D). With this solution the resting potential often remained unaltered, but a small local 
response of a few millivolts amplitude was still present in some fibres and could not be reduced 
by repeated washing and stirring of the bath. Although this residual reeponse was small, it was 
important to ascertain which, if any, of the external cations were essential for ite occurrence. 
When removing, one by one, the different constituents of solution D, the most important ion 
appeared to be calcium, for its withdrawal caused a marked decline, or abolition, of the residual 
response, while a trebling of calcium concentration substantially increased ite size. It may be 
added that presence of calcium was essential for the Na or TEA action potentials, which were 
greatly reduced or abolished, in a reversible manner, as soon as calcium was removed. 

The effect of the high Mg tration in solution Dhad to be checked separately : the replacement 
of 90 mm-Na by 59 mm-Mg (solutions A and C respectively) always diminished electric excitability, 
the rate of rise of the action potential was lower, and conduction of impulses ceased in many fibres. 

In the experiment of Fig. 11, TEA was added to the bath (initially con- 
taining solution D) by replacing osmotically equivalent amounts of sucrose, 
retaining the concentrations of all other constituents. With 0-85 mm-TEA 
a greatly increased local action potential was obtained, while with 1-7 mm | 
propagated responses (R.P. 73 mV, a.P. 55-5 mV) were recorded whose ampli- 
tude, rate of rise and duration increased as the concentration of TEA was 
raised further (e.g. with 435 mm-TEA, z.P. 75 mV, a.p. 95 mV). The relation, 
however, was not of the simple type predicted by the above hypothesis; for 
example, an increase of TEA concentration from 1-7 to 435 mm increased the 
rate of rise from 4-4 to only 24 V/sec (5-5 instead of 256 times) and the active- 
membrane potential by only 37-5 mV (instead of by 58 log ,, 256140 mV). 

Hence, the relation between TEA concentration and size of response 
certainly does not give unqualified support to the idea that the transfer of 
charge across the active fibre membrane is brought about by influx of TEA ions 
(or its less powerful substitutes). The finding of a residual trace of response in 
the presence of only Ca, Mg, K and C1 ions raised a further difficulty for this 
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hypothesis, and even more serious objections arose during a series of experi- 
ments in which the effect of tetrabutylammonium ions (TBA) was studied. 


Fig. 11. 

Fig. 11. Effect of TEA concentration on amplitude and rate of rise of action potential. Solutions 
are made up by mixing solutions D and EZ (Table 1). TEA concentrations (mm) shown in 
figure. a: ‘zero potential’ line; b: resting potential. 

Fig. 12. Tetrabutyl ium action potentials. Upper beam shows resting (a and 5) and action 
potentials, lower beam (c) shows applied brief current pulses. Records 1-4 (note slow time 
base) were obtained, successively, and from different fibres, in TBA (527 mm), record 1 after 
7 min soaking, record 4 after another 7 min. There was barely visible contraction associated 
with the electric responses in 1 and 2, and no visible contraction during 3-6. Records 
5 and 6 (faster time base) were obtained from another fibre, after 2} hr soaking in a solution 
containing 87 mm-TBA (mixture of solutions D and EZ, Table 1). Separation between internal 
stimulating and recording electrodes: 0-45 mm (5) and 2-2 mm (6). 


Tetrabutylammonium (TBA) 

The effect of this substance differs from those of choline and TEA in several 
respects (see Fatt & Katz, 19516, 1952), the most interesting being the 
irreversibility of its action. As a substitute during the excitation process, it 
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is less effective than the other ions, the maximum rate of rise of the TBA 
’ potential being much less (Table 4). But in prolonging the action potential, 
TBA is the most powerful agent which we have found: single electric responses 
lasting up to 18 sec (13° C) were observed. 


Fig. 13. Action potentials at low TBA concentrations. The muscle had first been made ‘in- 
excitable’ by soaking in solution D (Table 1). The bath was then replaced by mixture of 
1/10 solution #, 9/10 solution D (containing 43 mm-TBA) and record 1 was obtained (time 
scale 10 msec; voltage scale 50 mV applying to all records). Records 2, 3 and 4 show 
action potentials, at different sweep speeds, obtained after replacing bath by 1/5 solution 
E, 4/5 solution D (time scale 10 msec for 2, 30 msec for 3, 232 msec for 4). Records 5-8 
were obtained later in the same solution (time scale 30 msec for 5 and 6, 232 msec for 
7 and 8). Note transient double-response in 2-4, later replaced by single slow action 
potential. a and b show resting potential; c applied current pulse. 


TBA has several effects which develop in a slow and progressive manner, 
the time course depending upon the concentration. There are three main 
actions which appear in the following sequence: first, a large prolongation of 
the action potential (Figs. 12-14). This becomes noticeable immediately if 
TBA is used at a concentration of about 500 mm. At 100 mm, 30-45 min may 
elapse before the same degree of action is observed. In either case, returning 
the preparation to crab-Ringer, at any time, only tends to arrest the effects 
at the stage which they had reached, without reversing them. At an early 
stage, the action potential often shows a two-step, or double-peaked rise 
(Fig. 13): a fast spike component, followed by a slower rise to a plateau. Later, 
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during the experiment, the initial spike disappears, and a simple pulse-shaped 
action potential of relatively long latency, low rate of rise and long duration 
remains. It is difficult to account for the two-step response except by assuming 
that all parts of the membrane are not uniformly affected at all stages, e.g. the 
initial spike may be due to a membrane area upon which TBA has not yet 
exerted its full effect. 


While the lengthening of the action potential was in progress, a second even 


Fig. 14, Irreversible action of TBA. Fibres had been given the following treatment: (1) after 

immersion in 527 mm-TBA, muscle had been immersed and repeatedly washed 

in Na-Ringer; (2) the muscle was in a bath containing 109 mm-TBA, but no Na (mixture of 

one part of solution Z and three parts of D, Table 1); (3) after previously soaking as in (2) 

muscle was washed and kept in solution D, containing neither TBA nor Na; (4) and (5), same 

treatment as in (3), but after adding 0-1% procaine hydrochloride; (6) same treatment as 

in (3) but after adding 0-5% procaine hydrochloride. At the arrows, the internal electrode 
was withdrawn from the fibre. 


more surprising phenomenon made its appearance: the mechanical response 
(which had lengthened with the action potential) gradually vanished, and 
after a while the muscle gave prolonged action potentials of large amplitude 
without being able to contract. Return to crab-Ringer did not alter this 
situation which, from an experimental point of view, was very favourable as 
it eliminated the possibility of movement artifacts. Almost all the records in 
Figs. 12-15 were obtained from fibres whose contractile response had been 
abolished or reduced to a barely visible microscopic movement. 

The third effect was an even more slowly developing depolarization, the 


resting potential falling gradually to less than 30 mV and the fibres ers 
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electrically inexcitable. This whole sequence of events took some 20 min, with — 
527 mau-TBA at 20° C, but could be spread out over a much longer period by 
working at a lower temperature or lower TBA concentration. To avoid the 
last stage, viz. severe depolarization and inexcitability, it was best to start 
with 100-250 mm-TBA and return to Na as soon as the mechanical response 
had fallen to a conveniently small size. 

Once the TBA solution had acted long enough to produce the characteristic 
changes in the action potential, the bath solution could be replaced by Na- 
Ringer, or by solution D (sucrose-Mg-Ringer) which contained neither 
TBA nor Na, without reversing the effect (Fig. 14). Resting and action 
potentials usually diminished somewhat when the sucrose-MgCl, mixture was 
applied, but there was no doubt that many fibres continued to propagate 
typical TBA potentials under these conditions without TBA or Na in the 
external medium. This is an important point because it makes it difficult to 
believe that influx of external Na or TBA can provide the transfer of charge 
across the active fibre membrane. It seems from the present experiments 
that TBA alters the response of the fibre by combining irreversibly with 
receptors in its surface. An obvious corollary is that TEA, choline and Na 
act on the same receptors, but in a reversible manner. Unfortunately, this 
leaves completely unanswered the question as to the identity of the ions which 
carry the inward current through the active membrane. 

Changes of membrane resistance during the prolonged TBA response. The 
‘rectangular’ shape of the action potential in TBA-treated crustacean muscle 
resembles rather closely that of vertebrate heart muscle (Weidmann, 1951; 
Woodbury, Hecht & Christopherson, 1951). It would be interesting to know 
what causes an action potential to broaden from a brief spike to a long-lasting 
pulse, and especially which factors are responsible for the maintenance of the 
plateau and its abrupt termination. It has been shown by Weidmann (1951) 
that during the plateau of the heart action potential, the membrane resistance 
has recovered from its initial ‘breakdown’; in fact, the plateau can be 
described as a stable depolarized state, which is very similar to the resting 
state except that the excitability of the membrane has reversed its electric 
sign. Thus, a sufficiently strong inward (i.e. ‘anodic’) current pulse ‘excites’ 
the membrane and causes it rapidly to repolarize to its normal level of 
stability. In these respects, the TBA potentials resemble the responses of the 
mammalian heart studied by Weidmann (1951). We have used a similar 
method, viz. modulating the membrane potential by the application of sub- 
threshold current pulses (cf. Fig. 15), a third intracellular electrode being used — 
for this purpose. A qualitative indication of the changes in membrane 
resistance is obtained from the amplitude and time course of the modulating 
potential. At the beginning of the plateau, this potential was much diminished, 
and rose and fell more rapidly than at rest,. suggesting that the membrane 
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resistance at the height of the action potential was considerably less than at 
rest. This was followed by a gradual recovery, though often the membrane 
resistance remained below normal throughout the duration of the plateau. 
As its termination approached and the rate of fall of the action potential began 


Fig. 15. Changes of membrane resistance during TBA action potential. Three intracellular 
electrodes used for stimulating, pulsing and recording respectively. A and B: records 
from one fibre giving a long action potential (about 7 sec) of which ve parts are 
shown in A, in three superimposed sweeps (1,2 and 3). M: pulse monitor. In B, recording 
electrode withdrawn from resting fibre during second sweep (at arrow). Distance between 
pulsing and recording electrode 0-5 mm. (, and C,: two records from one fibre, with ‘ pulse- 
to-recording’ distance 0-2 mm (C,) and 0-7 mm (C,). D, and D,: same from another fibre. 
E: anodic pulsing in Z, (as in A, C and D). Note inverted ‘partial response’ during fall of 
action potential. Cathodic pulsing in EF, (note prolongation of response, as compared with 
#,). H,: cathodic pulsing in resting fibre. a: ‘zero-potential’ line; b: modulated ‘ base-line’. 
Scales: 0-5 sec and 50 mV. 


to increase, the membrane resistance appeared to become greater than normal 
(see Fig, 15, records A, E), but this may be attributed to a regenerative 
potential change, i.e. a local electric response which occurs near threshold in 
the usual manner, except that in the present case the polarity of the response 
is reversed. The occurrence of abortive repolarization, which takes off at a 
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certain level with a typical inflexion is evident in records A and E&, (Fig. 15). 
The resemblance between these observations and Weidmann’s findings is 
close, though the underlying ionic movement is probably not the same. 

The depolarization caused by TBA. Although the ultimate depolarization, 
and inexcitability, of the TBA-treated muscle appeared to be a secondary 
phenomenon, its mechanism is of interest because it might throw some light 
on the other actions of this substance. It is conceivable, for instance, that 
a process which, in the end, manifests itself in irreversible depolarization, may 
be operative in a transient manner during the plateau of the action potential. 
In several fibres, the membrane constants were determined during the 
progressive action of TBA. The pertinent result. was that the membrane 
resistance continued progressively to increase while the resting potential was 
falling. In Table 8, a summary of the mean results from three fibres of one 
muscle is given, which shows that during a progressive decline of the resting 
potential, from 66 to 38 mV, the membrane resistance rose from 133 to 
521 Qcm*. The membrane capacity and internal resistivity did not change 
significantly. In another experiment, a ‘sodium-muscle’ had been made 
inexcitable and its membrane resistance reduced to a low value by ‘pre- 
heating’ to 32° C (see §1); application of TBA temporarily restored excit- 
ability and progressively raised the membrane resistance from 37-5 to 141 Qcm? 
(20° C), while the resting potential fell from 78 to 27 mV. 


TaBLE 8. Progressive effect of TBA on membrane resistance 
Mean values from three fibres of the same muscle. Solutions A (for Na) and E (for TBA, cf. 
Table 1) were used in this experiment. The effect of TBA is not reversed by the final return to Na. 


"CO 


12 Na 66 133 
16-5 TBA (+ 49 314 
after 18 
18 TBA (+ 45 333 
aher 45 mit 
19-5 Na 38 521 


Qualitatively, a similar effect, viz. partial depolarization accompanied by 
@ large increase of membrane resistance, had previously been observed as 
a result of lowering the temperature (§ I), and it is possible that a common 
mechanism is involved in all these changes, for example a decrease of 
potassium permeability. It is conceivable that one of the principal actions of 
TBA is a large reduction of ‘ potassium conductance’ (see Hodgkin & Huxley, 
1952), which might be an important factor contributing to the enormous 
prolongation of the action potential. 

To a lesser extent, the same kind of change (e.g. reduction of K perme- 
ability) may be produced by the other quaternary ammonium ions, for in an 
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experiment in which Na was replaced by choline the membrane resistance 
incteased from 100 to 190 Qcm*, while the resting potential fell slightly, from 
72 to 69 mV. 7 

Effect of temperature on TBA potentials. In a few experiments, the effect _ 
of temperature on the TBA response was studied, between 0 and 22° C. 
There were no obvious changes in amplitude, but the duration of the action 
potential varied in an interesting manner, reaching a maximum between 10 
and 15° C, and falling sharply when the temperature was raised or lowered. 
Thus, in one experiment, the TBA response lasted for 0-5 sec at 0° C, 1-2 sec 
at 4-5° C, reached 4-6 sec at 11-15° C and fell to 1-5 sec at 20° C. 


The effects of several other ions which were used to replace sodium will be 
described briefly. 

Acetylcholine. When this substance was added in a concentration of 1-5 mm 
to ‘sucrose-MgCl,-Ringer’ (solution D), restoration of local action potentials 
was observed, but the effect was less powerful than that of equal concentra- 
tions of TEA, Thus, there was no evidence for any specific action of acetyl- 
choline on crustacean muscle. 

Diethanoldimethylammonium. This substance, which we obtained through 
the courtesy of Dr Lorente de Né, was used to replace sodium entirely. Its 
action was found to be similar to that of choline though somewhat less potent. 
The results of one typical experiment (a raised Mg concentration was used 
throughout in this case) are shown in Table 9. 


TaBLE 9. Effect of 3: thyl 
Principal cation Resting Action 
(solutions C and potential potential Duration 
E, cf. Table 1) (mV) (mV) (msec) 
Na 65 Very small, local 
hH AL Las thyl 69 62 7 
Choline 64 76 ll 


Tetramethylammonium. The effect of this ion was comparable to that of 
choline, but in addition a slowly developing depolarization was observed. 
A similar result was obtained with phenyltrimethylammonium. 

Benzyltrimethylammonium. The initial effect of this substance was similar 
to that of choline, but with prolonged soaking (1-2 hr) the action potential 
became very long (up to 800 msec), and like the TBA response could not be 
shortened by return to sodium-Ringer. There was also a slowly developing 
depolarization. 

Procaine hydrochloride. This substance, though not a quaternary ammonium 
salt, is largely in the form of a substituted ammonium ion when dissolved 
in the crustacean Ringer. It was first used in concentrations of 0-1-0-5% 
(3-7-18-3 mm) in an attempt to ‘paralyse’ the fibres and abolish the prolonged 


Other substances 
y i 
is 
n 
of 
of 
1s 
n 


200 | P. FATT AND B. KATZ 


action potentials which were obtained, after preliminary treatment with 
TBA, in the ‘sucrose-Mg’ soaked muscles. The result, however, was a further 
lengthening of the response. In other experiments, 18-3 mm-procaine HCI was 
applied to sodium-muscles, the result being an increase in the amplitude and 
duration of the action potential (e.g. from 55 to 68 mV, and from 3 to 45 msec). 
Some fibres which gave only a small local response in ‘sodium-Ringer’ were 
found to give large conducted action potentials when as little as 1:8 mm- 
procaine HCl was applied. The substance appears, therefore, to be as effective 
as TEA, and more potent than choline, in its ‘restoring’ and intensifying 
action. This was further confirmed by the following observation: when 
18-3 mM-procaine HCl was added to ‘choline-Ringer’, the duration of the 
action potential increased from 16 to 190 msec. 

It seemed at first very surprising that a ‘local anaesthetic’ like procaine 
serves to activate the excitatory process of crustacean muscle fibres, but it 
falls into line with the previous evidence suggesting that we are dealing here 
with a different mechanism. It should, however, be recalled that a similar, 
though transient, restoring effect of procaine has previously been observed 
by Lorente de N6é (1950) in frog’s nerve. 

Other substances. Regarding other effects it is worth mentioning that 
lithium could be substituted for sodium without changing the response. 
A medium in which one-third of NaCl had been replaced by an isotonic 
solution of trimethylamine oxide produced no change; in another experiment 
in which betaine was used instead of one-third of NaCl, the fibres became 
gradually depolarized. The last two substances, though virtually unionized 
at a pH of 7-6, were of interest as they are known to be present in crustacean 
blood. 

The action of calcium withdrawal in reversibly reducing or abolishing the 
electric response has already been mentioned (p. 192). 


DISCUSSION 


The purpose of these experiments was to gain some information on the 
electrical properties and excitability of crustacean muscle fibres, before 
proceeding with a study of their neuromuscular mechanism. In the course 
of this work some unexpected problems have been raised. 

It is clear that crustacean muscle is made up of individual fibres which 
can respond to electric stimuli as units, with propagated action potentials of 
all-or-none type and of customary electric sign. There is also no doubt that 
the resting fibres have electric properties similar to those of other nerve and 
muscle cells: they are negatively charged, the resting potential is of the same 
order of magnitude, it depends on the external potassium concentration, and 
the subthreshold behaviour of the fibres is that of a highly-leaky and 
capacitative cable. 
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In two important respects, however, crustacean muscle fibres seem to be 
made up differently from other excitable tissues. The membrane eapacity is 
so large that it is difficult to picture the underlying structure and its physical 
dimensions. A capacity of 40 »F/cm? is outside the order of magnitude which 
has previously been found in biological tissues. There are several factors which 
might: contribute to this result: for example, a large ‘dielectric constant’ 
(concerning the definition of this term and its dependence on the phase angle 
of the capacity, see Cole, 1949) or excessive folding and convolutions of the 
surface membrane. There is evidence for a wide-spread innervation of these 
fibres (see van Harreveld, 1939), and it is conceivable that their surface may 
be deeply indented by numerous clusters of nerve endings causing the true 
surface area to be much larger than we have estimated. One may hope that 
this matter can be put to a test with the help of the electron microscope. It 
may be of importance also in other respects, for a ‘glomerular’ surface 
structure would introduce ‘bottle-necks’ and slow the diffusion of solutes 
between the bath and parts of the membrane surface. ; 

The second unexpected finding was the maintenance of excitability in the 
absence of external sodium and the enlargement of the electric response by 
various quaternary ammonium ions. These observations are evidently related 
to the recent finding of Lorente de Né (1949) who showed that a group of small 
nerve fibres of the frog remain excitable and conduct a modified action potential 
when sodium is replaced by TEA and certain other quaternary ammonium 
ions. The situations differ in important details: for example, choline and 
diethanoldimethylammonium ions, which do not sustain the excitability in 
frog axons (Lorente de Né, 1949), were found to be more powerful than Na, 
though less potent than TEA, in supporting the electric activity of crustacean 
muscle fibres. 

Two obvious question arise from these experiments: what is their bearing 
on the normal activity of the muscles in the living animal? Secondly, what 
is the mechanism of the action potential in crustacean muscle? 

To the first question the answer seems fairly simple. The normal activity 
of crustacean muscle is built up largely by non-propagated responses 
(Wiersma, 1941; Katz & Kuffler, 1946) which cause effective development of 
tension, presumably because nerve endings are distributed along the whole 
length of the fibres (van Harreveld, 1939). The latter observation has been 
disputed (Holmes, 1943), and some doubt was expressed by Katz & Kuffler 
(1946) because sharp foci of ‘end-plate potentials’ were often found in crab 
muscle. We have recently re-examined the spatial distribution of the 
crustacean ‘e.p.p.’s’ with the help of intracellular recording and found that 
the variations in amplitude of these potentials along the length of a normally 
innervated fibre are only of the order of 40%. Thus it appears that many 
crustacean muscle fibres are innervated, at somewhat varying density, from 
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end to.end. The generation of an all-or-none spike in such a fibre would only 
be called for when a sudden maximum effort is demanded; the effect of the 
spike would be to eliminate inequalitres in the strength of response along the 
fibre, rather than to propagate excitation over long distances. Whether the 
crab depends for this purpose entirely on the sodium content of its haemo- 
lymph, or has available some more powerful substance which, like TEA, acts 
in low concentration is a question which remains to be decided. 

The mechanism of the action potential, and the species of ions involved in 
the movement of charge across the membrane, remain a puzzling problem. 
It would not be very difficult to believe that in some tissues a number of 
univalent cations beside lithium can take the place which sodium normally 
occupies (see Hodgkin, 1951) and give rise to an action potential by entering 
the fibre as it becomes depolarized. But the difficulty arises with the obser- 
vation that, after TBA, prolonged large action potentials occur in the presence 
of only calcium, magnesium and potassium chloride in the external medium. 

There appear to be two possible ways of accounting for this observation: 
(i) it may be that TBA remains adsorbed to the fibre surface, but is mobilized 
during excitation and temporarily transferred into the cell interior; (ii) alter- 
natively, influx of calcium or magnesium, or outflux of some internal anion 
may be responsible for the transport of charge. The second explanation would 
imply that in crustacean muscle, sodium and the quaternary ammonium ions 
play only an indirect role during the production of the action potential, | 
‘conditioning’ the excitatory reaction of the membrane without themselves 
being carriers of the action current. This may seem contrary to the convincing 
evidence for a direct sodium mechanism which has been obtained in cepha- 
lopod axons, and which very probably operates in the same manner in 
crustacean nerve, but there is no reason to believe that this mechanism is 

SUMMARY 

1. The electrical properties of crustacean muscle fibres were examined with 
the help of intracellular stimulating and recording electrodes. 

2. The fibres have a resting potential of about 70 mV at 20° C, the cell 
interior being negative to the surrounding bath. This p.d. varies with 
temperature (falling to about 60 mV at 0° C) and with the external K 
concentration, being about 90 mV in K-free saline and reversing to minus 
1-2 mV in isotonic KCl solutions. 

3. The membrane capacity of the resting muscle fibres is very large, about 
40 »F/cm*, and their membrane resistance very small, about 100 Q cm’. 
Lowering the temperature increases the membrane resistance, about 2°5 times 
for a change of 10° C, but has no significant effect on membrane capacity. 

4. The electric response to a direct ‘cathodic’ current pulse varies greatly ; 
in many muscle fibres only small non-conducted action potentials are observed. 
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In other fibres propagated spikes occur of about 60 mV amplitude, rising at 
a maximum rate of 20 V/sec and travelling at a speed of 30 cm/sec. 

5. When the sodium content in the muscle bath is entirely replaced by 
certain quaternary ammonium ions, electric excitability of the muscle fibres 
is not only maintained, but a large increase is observed in the amplitude and 
duration of electrical and mechanical responses. 

6. Using choline as a Na substitute, the action potential attains an ampli- 
tude of 80 mV, and its waveform changes from a brief spike to a long rect- 
angular pulse of about 25 msec duration. 

7. With tetraethylammonium as a Na substitute, the action potential 
increases to approximately 100 mV in height and 100 msec in duration. 

8. With tetrabutylammonium, action potentials lasting for several seconds 
were recorded. The effect of tetrabutylammonium is irreversible, the 
enormously lengthened action potential being still obtainable when the bath 
has been replaced by a solution containing only calcium, magnesium and 
potassium chloride and sucrose. | 

9. The following problems have been discussed: (i) the interpretation of the 
large membrane capacity and its effect on impulse propagation, (ii) the 
mechanism of electric excitation of the crustacean muscle fibre, the ionic . 
currents underlying it, and its role during normal muscle activity. 

We are indebted to Mr J. L. Parkinson for his unfailing assistance. This work was carried out 
with the aid of a grant for scientific assistance made by the Medical Research Council. 
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REGIONAL VARIATIONS OF INCREASED PERMEABILITY 
OF SKIN CAPILLARIES INDUCED BY A HISTAMINE 
LIBERATOR AND THEIR RELATION TO THE 
HISTAMINE CONTENT OF THE SKIN 


By W. FELDBERG anp A. A. MILES 
From the National Institute for Medical Research, Mill Hill, London, N.W.7 


(Recewed 29 October 1952) 


Guinea-pigs with the vital dye Pontamine Sky Blue 6X in their circulation 
react. to an imtradermal injection of the histamine liberator 48/80 by an 
increase in capillary permeability, which results in a local intense staining of 
the skin tissue by the dye. This efféct is apparently due to the local liberation 
of histamine (Miles, 1951; Miles & Miles, 1952); blueing of the skin can thus be 
used as an indicator of histamine liberation. 

In the present experiments we extended this study to the effect on the skin 
of intravenous injection of 48/80 in guinea-pigs with circulating dye. Blueing 
of the skin occurred in these circumstances, but certain regions were regularly 
found to blue more rapidly and more intensely than others. It was thought 
possible that this uneven blueing was associated with differences in skin 
histamine and that the bluer regions contained the higher concentration. 
Accordingly, a survey was made of the histamine content of the various 
regions of the skin. A few experiments were also made on other species. 


METHODS 

Albino guinea-pigs, 300-500 g, were used. For the dye test the hair was removed as completely 
as possible with electrical clippers, taking care to avoid any damage to skin that might result in 
traumatic blueing (Miles & Miles, 1952) on injection of the dye. The animals were fixed in the 
extended position on their belly by four tapes tied immediately above the feet. The subcutaneous 
veins running diagonally towards the perineum on the posterior aspects of the thigh were exposed 
by incision of the skin and a 5% solution of Pontamine Sky Blue 6X (‘pontamine blue’) was 
injected into the vein of one leg, 1-3 ml. /kg body weight, and a few minutes later 48/80 (2-5-5 mg/kg), 
in a solution of 0-85% (w/v) saline, into the vein of the other leg. The animal was immediately 
released for observation. After the full development of blueing in the skin, the animals were 
killed by chloroform or stunning, and the remaining stumps of hair removed by a depilating paste 
(composition: wheat flour, 350 g; talcum powder, 350 g; barium sulphide, 250 g; Castile soap 
powder, 50 g; water). 

The dye test was also made in albino rabbits and mice and in one white female cat. In rabbits, 
the injections were made into the marginal vein of the ear; 12-15 mg/kg of 48/80 were given. In 
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mice, the 48/80 and dye were injected together into a tail vein ; the dose of 48/80 was)]-8-2:2 mg/kg 
and that of pontamine blue 8 ml. /kg of a 1% solution. The cat was anaesthetized with ether anc! 
the injections made into the femoral vein ; otherwise the procedure was the same as for guinea-pigs. 

The internal distribution of dye was examined in some animals. The blood was removed during 
ansesthesia by perfusion with warm saline solution from a cannula inserted through the right 


ventricle into the pulmonary artery, the right auricle being cut open. 

For determining the histamine content, untreated guinea-pigs were killed with chloroform, 
depilated and carefully washed to remove all traces of the depilatory. Pieces of skin were excised 
and the loose subcutaneous tissues removed as far as possible. The cleaned specimen was weighed, 
ground with a little sand and extracted with acid saline. The histamine in the extract was assayed 


on the atropinized guinea-pig ileum preparation. The same procedure was used for cats and dogs. 
All the values cited for histamine refer to the weight of the base. 


RESULTS 
Experiments on guinea-pigs 

Induction of blueing by 48/80. The injection of pontamine blue alone pro- 
duced during the first hour only a faint grey-blue coloration of the skin, 
providing a background on which the frank blue coloration produced by sub- 
sequent injection of 48/80 was readily detectable. In order to produce blueing 
with 48/80, doses of the order of 2-5-5 mg/kg were used. Some animals died 
within the first 2 min after the injection with acute respiratory failure; in 
others there was temporary respiratory spasm and the animal became pro- 
strated, with a cold skin. In these animals blueing was feeble, presumably 
because the pressure in the skin capillaries was too low to permit extravasation 
of the dye (Miles & Miles, 1952). In most of the animals so treated, however, 
the signs of intoxication were slight or absent, and in these, development of 
blueing was rapid and extensive. Within 1 min of injecting 48/80, a faint 
blueing appeared in the eyelids at the inner or outer acanthus of the eyes, 
round the nostrils and lips; within 3 min there was intense blueing of the 
eyelids, the tip of the nose and round the mouth. During this period, blueing 
also started at the base of the ears, over the convolutions of the cartilage on 
their under surfaces, spreading outward until the inner and outer surfaces of 
the proximal half of the ear were a deep blue; over the brows, spreading 
ventrally and posteriorly until the whole head region was blued down to the 
neck and shoulders; round the areolar area of the nipples; round the anus, 
and round the scrotum or the vaginal orifice. The full extent of this blueing 
was complete within 10-15 min. The regions that were most deeply stained 
were those in which the blue first appeared. In the skin of the trunk and of the 
legs, blueing was fainter, often patchy and, in some areas, notably the ventral 
prac wall and the inner aspect of the thighs of the hind-legs, it was 
absent. 

In animals fully blued with 48/80 there is a striking contrast between the 
intensely blue head region, the nipples and the perineum on the one hand, and 
the feebly and patchily stained skin of the trunk and hind-limbs on the other, 
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as illustrated in Pl. 1, animals A and B. Animal C was killed before blueing 
had fully developed and the intense early blueing round the nose, lips, eyes 
and the external meatus of the ear is evident. Pl. 1 also illustrates the 
traumatic blueing which always occurs in the skin of the legs where they are 
gripped by the tapes used in tying the animal during injection; and around the 
incisions made over the veins. 

Internally there was a moderately intense blueing of the inner wastes of the 
trachea, especially along the median posterior line, of the bronchi, of the 
medulla and inner aspect of the pelvis of the kidney and of the ureters. The 
whole digestive tract was also stained, but the colour was relatively feeble and 
had a greenish tinge. A similar staining, however, occurred in animals not 
treated with 48/80, but it was much less intense in the trachea, bronchi and 
medulla of the kidney. The medulla of the ribs and the cervical, axillary, 
mediastinal and inguinal lymph nodes were also blue. The colour in the ribs 
appears to be due to accumulation of the dye in a portion of the reticulo- 
endothelial system that happens to be visible through the semi-transparent 
bony wall of the ribs; it was roughly proportional to the lapse of time between 
intravenous injection of the dye and killing of the animal. The staining of the 
lymph nodes also became more intense with increasing lapse of time between 
injections of 48/80 and killing of the animal, and is presumably due, not to any , 
direct action of 48/80 on lymph nodes, but to dye draining from the skin, 
bronchi and trachea. 

Although the fact is not immediately relevant to the interpretation of the 
dye test, which is completed within 20 min of giving pontamine blue, it should 


be noted that in animals not treated with 48/80 the skin, trachea, bronchi, 


pelvis of kidney and testicles became moderately or intensely stained within 
5-10 hr. 

Mepyramine maleate in doses of 0-2-2-0 mg/kg given intravenously a few 
minutes before the 48/80 greatly diminished the extent and intensity of the 
blueing. At most there was a feeble blueing round the eyes, nose and lips 
which took 5 min or more to develop, and an even feebler blueing of the head 
and neck. Although the mepyramine markedly diminished the blueing induced 
by the dose of 48/80 usually employed, yet it did not reduce the proportion of 
animals in which this dose proved lethal or led to severe shock. 

Histamine content of skin. The histamine content of the skin varied greatly 
in different regions, and the regional differences were substantially the same 
in all the animals tested. In Table 1 the histamine content of the skin is given 
in wg/g. The figures in the last column were obtained by first expressing the 
individual values in terms of the value for the abdominal skin taken as unity, 
and averaging the results for each region. These mean values are charted in 
the diagram of the body surface in Fig. 1. 

Histamine content is not associated with thickness of skin; thus in two 
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Tastz 1. Histamine content of various regions of skin of guinea-pigs weighing 400-600 


Mean values 
Histamine in pg/ g skin (abdominal 
Bite Expt. 1 Expt. 2 Expt. 3 Expt.4 Expt.5 Expt.6 Expt.7 as unity) 

Ear 18-5 140 14-7 14-0 5-9 
Ear base 120 46 
Areola of 5-5 
Lids 11-0 3-7 
Bristle area 13-0 -— — 3-6 
Anal 11-7 3-1 
Paws; f 5-9 2-9 
Paws; hind- 43 2-7 

100 92 — 2-6 
Lips and nose lo — 6-6 2-6 
Cheek 8-5 2-4 
Fore-leg 2-4 
Scrotum | 1-7 
Abdomen 40 40 3-2 1-0 
Calf 2-5 10 
Back (middlelumbar) 30 38 

one 7 


Fig. 2. Distribution of histamine in various regions of guinea-pig’s skin. The figures are those 
given in the last column of Table 1 and represent mean values for each region, the abdominal 
skin being taken as unity. , 
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thin-skinned areas the content may be high (ear) or low (abdomen); and 
. similarly in two thick-skinned areas (vertex of skull and lumbar region). On 
the other hand, as may be seen by comparing Pl. 1 and Fig. 1, with the excep- 
n tion of the distal parts of the fore- and hind-limbs, the proportional distribu- 
) tion of histamine is directly related to the intensity of blueing under treatment 
with 48/80. The absence or paucity of blueing in certain regions does not appear 
to be due to insusceptibility of the contained histamine to liberation by 48/80, 
because when minimal effective doses of 48/80 are injected intradermally into 
guinea-pigs with circulating dye, the local blueing is of the same intensity 
whether the injection is made into ‘histamine poor’ regions, such as the skin 
of the face and limbs, abdomen or back, or into the skin of the neck or scalp. 


TaB_z 2. Histamine content of various regions of skin of three adult cats 


Histamine in yg/g skin Mean values 
~ A — (abdominal skin 
Site Expt.1 Expt.2 Expt.3 taken as unity) 

Ear 120 95 - 400 4-9 
Submental ar 44 42 2-0 
Lids 39 36 50 19 
Bristle area 34 32 40 1-6 
32 31 = 1-5 
ip 1-5 

Areo nipples poe “4 
Vertex _ 30 28 13 
Tail, distal — — 35 1-3 
Abdomen 20 18-2 28 1-0 
Nipples 28 10 
Tongue, ventral surface — 18-0 — 10 
Back 19 11-5 10 0-7 
Tongue, distal surface _— 9-5 — 0-5 

Expervments on cats 


In the one cat on which a dye test was made, blueing was most intense in 
the eyelids, particularly the lower lids, in the whisker-bearing skin of the upper 
jaw and the submental region of the lower jaw. It was moderate on the ridge 
of the nose; slight inside the outer ear; moderate immediately round the base 
of the nipples, particularly the two posterior pairs; and intense in the perianal 
and perivulval regions. There was only a faint staining of the remainder of the 
skin, with no particular distribution of intensity. Internally, the trachea, and 
especially the tissue between the cartilagenous rings, was strikingly stained. 

Histamine estimations in three cats are given in Table 2. Mean values are 
recorded; but with the few tests made, they clearly have less weight than those 
rm in Table 1. In the cat the relation between histamine content and intensity of 

blueing is not so striking as it is in the guinea-pig, een 
PH. OXX. 
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the range of proportional values for the histamine content is small. Neverthe- 
less, the most intense blueing occurs in the areas with the greatest amounts of 
histamine, except that the blueing in the ear was not marked, though the 
histamine content was as high as 95-120 ug/g. 


Experiments on dogs 

Although no dye tests were made in this species, the following observations 
of Paton & Schachter (1951) strongly suggest that a subcutaneous injection of 
48/80 (10 mg/kg) induces in the skin an increase in capillary permeability whose 
regional intensity resembles that in guinea-pigs as manifested by the dye test. 
They found that ‘the facial swelling was particularly marked in the bristle 
area near the mouth, the eyelids and the pinna of the ear; these areas also 
showed considerable erythema. Oedema and erythema of other regions was 
not observed, except for the nipple area in one animal.’ 


3. Sf of of two dogs 
(dog 1, 39 kg; dog 2, 26 kg) 


. Histamine in yg/g skin 
Site _ Expt. 1 Expt. 2 

Bristle area 20-0 62 
Ear 22-2 32 

Lids | 15-6 33* 
(hair bearing part) 
Areola round nipples — 18 
Submental 6-3 17 
Front paw (dorsum) —_ 16 
“ig 15 
Lips (hairless part) 4-2 “sa 

* Upper lids only. 


Histamine estimations in two dogs are recorded in Table 3. It is noteworthy 
that the five skin regions with the highest histamine content, bristle area, 
eyelids, ears, lips and areola of nipples, became oedematous in Paton & 
Schachter’s dogs. 
Dye. test in rabbits and mice 

In rabbits the dye test revealed a picture in many respects similar to that in 
guinea-pigs; there was deep staining of the eyelids, of the internal aspect of 
the orifice of the ear, moderate staining of the muzzle and lips, areolar area of 
nipples and perianal regions, and slight staining at the base of the tail and the 
hind-limbs. 

The response of mice to the combined injection of dye and 48/80 was 
variable. Within the range of doses of 48/80 used, the blueing in some animals 
did not differ from that in mice receiving pontamine blue alone; that is, a faint 
grey-blue over the whole body and slight staining of the muzzle, the root of 
the tail and the perianal region, and of the bony protuberances of all four feet 
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where they come in contact with the ground; in other mice the skin became 
blue all over, with a distinctly deeper staining over the head, shoulders and 
limbs. 
DISCUSSION 

If we consider the blueing of the skin induced by intravenous injections of 
48/80 in guinea-pigs with circulating dye as evidence of increased permeability 
of the capillaries, our results show clearly that there is a definite regional 
pattern in the manifestation of this increase. There is good evidence that the 
increased permeability is an effect of released histamine, because: (1) 48/80 is 
a potent histamine liberator; (2) histamine itself, like 48/80, will induce on 
intradermal injection a local blueing in animals with circulating dye; and 
(3) the general blueing produced by intravenous injections of 48/80, like the 
local blueing produced by intradermal injections of either 48/80 or of histamine 
(Miles & Miles, 1952), is antagonized by mepyramine. The demonstration of 
regional differences in histamine content of the skin that are broadly correlated 
with the intensity of blueing is consistent with this interpretation and provides 
an explanation for the regional pattern of increased permeability we have 
observed. 

So far, a systematic survey of the relation between histamine content of the 
skin and the areas prone to manifestations of increased capillary permeability 
by 48/80 has been made only in the guinea-pig. There are, nevertheless, several 
indications of a similar regional pattern in other species. Thus, in rats, mice, 
rabbits, cats and dogs the eyelids, ears, nose, mouth, to some extent the head, 
the paws, the areola of the nipples and the anal and perineal regions are sites 
where increased capillary permeability, as manifested by frank oedema or by 
exudation of circulating dye, most readily occurs under the influence of 48/80 
and other histamine releasing agents. As far as information is available, in 
each species these regions are those with the relatively higher content of 
histamine. 

It is noteworthy that in the various species proneness to increased perme- 
ability does not occur in all the aforementioned regions. For instance, in 
guinea-pigs the skin of the feet did not blue readily, in spite of its relatively 
high histamine content. However, one of us (A. A. M.) has recently observed 
that in guinea-pigs sensitized with various antibodies the simultaneous injection 
of antigen and dye produces blueing which extends to the feet as well. The 
difference in histamine release by 48/80 and antigen may depend on the 
rapidity and firmness with which 48/80 is fixed to guinea-pig tissue (Miles & 
Miles, 1952), as compared with the antigen; after intravenous injection, the 
48/80 may be removed rapidly from the blood and so tend to be selectively 
concentrated in the areas of skin with the most abundant blood supply: In 
rats and mice intraperitoneally injected egg-white as well as 48/80 certainly 
reaches the limbs in effective quantities, because oedema ers sgh par- 
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ticularly pronounced in the region of the feet (for references see Feldberg & 
Talesnik, 1953). Dogs and cats behave in this respect apparently more like 
guinea-pigs; in dogs the histamine content of the skin of the feet is also not 
particularly high. Further, the ears of guinea-pigs, cats and dogs have a high 
histamine content of the skin at the base but an even higher one of the more 
distal parts; nevertheless, signs of increased capillary permeability are confined 
to or predominate at the base. 

There is another kind of discrepancy between proneness to increased 
capillary permeability and histamine content of the skin: the range of intensity 
of blueing or of oedema formation in the different regions of the body is 
greater than the range of histamine concentration. For example, in guinea- 
pigs the difference in the histamine content of the skin of the abdomen and 
eyelids is only about fourfold, but when injections of varying concentration of 
dye dissolved in normal serum are made into the skin of an untreated guinea- 
pig, the concentration of dye required to stain the skin to match the staining 
of the eyelids and nose in animals with circulating dye treated with 48/80 is 
of the order of a hundredfold greater than the concentration staining the skin 
to match the abdomen of the 48/80-treated animal. In fact, on the evidence 
of blueing alone, one would say that no histamine was released in the abdominal 
skin of the guinea-pig by 48/80, although the histamine it contains, between 
2-4 and 4yg/g, is sufficient to produce intense local blueing when released 
by 48/80 injected intradermally. 

In addition to the differences in histamine content of the skin, there may 
therefore be other contributory factors determining the regional pattern of 
increased permeability of the skin capillaries seen after 48/80. The vascularity 
of the skin or the amount of blood supplied to it may vary; some regions may 
contain arteriovenous anastomoses; the sensitivity of the skin capillaries to 
endogenous histamine may not be the same over the whole body surface; and 
the readiness with which the extravascular tissue of the skin is able to 
accumulate dye or oedema fluid may vary according to the looseness of the 
tissue, or the ability of the tissue constituents to take up dye or oedema fluid. 


SUMMARY 

1. When the histamine liberator 48/80 is injected intravenously into guinea- 
pigs with the vital dye Pontamine Sky Blue in their circulation, the skin 
rapidly becomes blue. This blueing, which is antagonized by mepyramine, is 
presumably due to increased capillary permeability following the release of 
histamine. 

2. The blueing varies in intensity in different regions of the body, being 
most intense in the head region, the nipples and perineum. 


3. This characteristic regional pattern of blueing is directly related to the 
histamine content of the skin. 
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4. The manifestations of increased permeability of the skin capillaries 
induced by 48/80 or by egg-white in other laboratory animals have, in general, 
a similar regional pattern, and the available evidence suggests that this also 
is determined primarily by regional variations of histamine content of the skin. 
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EXPLANATION OF PLATE 
Blueing of the skin after intravenous injection of 48/80 into three guinea-pigs with pontamine 
blue in their circulation. Animals A and B were killed after full blueing had developed and 
depilated. Guinea-pig C was killed before the blueing was complete to show the early blueing 
round the lips, nose, eyes and ears. The depilation of this animal is incomplete; the white 
areas round the mouth and along the base of the jaw are remnants of hair. 
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THE RELATION BETWEEN VELOCITY OF SHORTENING 
AND THE TENSION-LENGTH CURVE 
OF SKELETAL MUSCLE 


By B. C, ABBOTT anv D. R. WILKIE 
From the Departments of Biophysics and Physiology, 


(Received 31 October 1952) 


Many different types of apparatus have been used in the past by physiologists 
to study the active shortening of muscle. Isotonic, auxotonic and inertia 
levers control the force applied to the muscle; other types of apparatus apply 
a definite pattern of shortening. Fortunately, the wide range of results 
obtained in these different experimental arrangements can be interpreted in 
terms of a single property of muscle—that the force of contraction is a 
function of the velocity of shortening. 

The isotonic force-velocity curve of striated muscle was first studied by 
Fenn & Marsh (1935): three years later Hill derived the equation: 

(P +a) (V +6)=constant =(P,+a)b (1) 
(a and b are constants, P, the isometric tension), which describes with remark- 
able accuracy the force-velocity relation in muscles of the frog (Hill, 1938); 
tortoise (retractor penis, Katz, 1939; ilio-fibularis, Abbott, 1953); man 
(Ralston, Polissar, Inman, Close & Feinstein, 1949; Wilkie, 1950); snail 
(Abbott, 1953); ray (Wilkie, 1952, unpublished), and Mytilus (Abbott & Lowy, 
in preparation). 

The isometric tension developed by a muscle depends on the length at which 
the muscle is stimulated, being greatest when the muscle has about the same 
length that it had in the body. Hill’s equation can only be applied in the region 
of this maximum, where the variation of P, with length is slight; for P, 
appears in the equation as a constant. In the intact vertebrate body, muscle 
length changes are more or less limited to this maximal region. The experiments 
described in this paper were carried out in order to examine the relation be- 
tween force and velocity in other regions of the tension-length curve. 


EXPERIMENTAL METHOD 
All experiments were made on sartorii of Rana temporaria kept in oxygenated phosphate Ringer 
(pH =7-0) at 0° C; this was drained off before each contraction. The muscle was mounted on 
a multi-electrode assembly (Hill, 1949) in order to bring all the muscle as quickly as possible to 
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All length measurements are referred to the body length; that is, the length of the sartorius in 
situ when the two legs are pinned out in a straight line. The pelvic end of the muscle was fixed 
to the multi-electrode assembly and the free (tibial) end attached through a light flexible chain 
to the recording apparatus. Isometric measurements were made by attaching the chain to a 
single-wire resistance strain gauge of the type devised by Hill (1951); its output was amplified 
and displayed on a cathode-ray tube. The gauge was moved up and down on a Palmer stand so 
that the i+«-metric tension developed could be measured at different muscle lengths. Isotonic 

lsotonic 
Shortening 


= 


Fig. 1. Circuit used in isotonic experiments to record amount 
and velocity of shortening. 


records were obtained by attaching the chain to a light aluminium lever mounted on ball 
bearings. The load was suspended from the lever as near as possible to its axle (lever ratio 26 : 1) 
in order to reduce effective inertia. All contractions were after-loaded and all started from the 
body length of the muscle. Attached to the lever was an opaque vane situated between a light 
source and a twin photocell. The output of the photocell, which varied linearly with the deflexion 
of the lever, was displayed on a cathode-ray tube. 

Preliminary experiments revealed two practical difficulties: | 

(1) Deterioration of muscle. Each complete experiment involved measuring on a single muscle 
’ both the tension-length curve of the contracting muscle and a set of curves of shortening against 
various isotonic loads; all under tetanic stimulation. Isotonic recordaswere certainly repeatable 
with good accuracy throughout the experiment, but repeated isometric records showed # pro- 
gressive change in the tension-length curve similar to that described by Aubert, Roquet & Van 
der Elst (1951), and attributed by them to irreversible stretching of series elastic elements. The 
change consisted in a slight shift of the maximum of the curve towards the region of greater 
length combined with a diminution ‘in the height of the maximum (see, for example, Fig. 4). It 
was found that the extent of this irreversible change could be reduced by using winter frogs; by 
keeping the amount of stimulation down to a minimum; by allowing a 15 min rest between 
contractions; and by storing the muscle overnight before the experiment in ice-cold Ringer. 

(2) Measurement of shortening velocity. For purposes of calculation (see below) it was necessary 
to determine from each isotonic record a curve of shortening velocity against time. This was done 
at first by measuring the slope of tangents which had been drawn in by eye to the curve of 
shortening against time, When control measurements were made in this way on the curves of 
known functions it was found that very large errors could arise, for in drawing the tangent at a 
point one is much influenced by the shape of the curve as a whole. 


the state of full activity. It was stimulated maximally by condenser discharges (RC =0-1 msec, , 
18 V, 5 stimuli each way per sec). The stimulus frequency is not critical so long as it is fast ; 
enough to give complete fusion of mechanical response ; if the frequency is too high (greater than 
about 20/sec), tension is not well maintained. 
follower 
E 

Cc j 

Differentiating 

Calibrating circuit Velocity 

circuit 
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In order to avoid error from this source, the velocity of shortening was determined by direct 
electrical differentiation of the output from the isotonic apparatus, using the circuit shown in 
Fig. 1. The equation governing the behaviour of the differentiating circuit is 


E, = RO(dE/d - dE ,/dt), 
out- error 
put velocity 


where £ and £, are the input and output voltages respectively. | 
The error term was reduced as far as possible by making RC amall, though a limit is set to 

this process by the gain available in the amplifiers. With the final time-constant chosen, 4-4 msec , 

it was possible to follow accurately all except the fastest accelerations. Shortening and velocity 

were displayed simultaneously on a single beam cathode-ray tube by beam switching with a high- 

speed relay (Fig. 2). | | 

100 


1 i _j 


Time (sec) 


Fig. 2. i Fig. 3. 


Fig. 2. Typical record of isotonic shortening (above) and velocity (below) against a force of 
26-7 g wt. Time marks every 20 msec. 


Fig. 3. Semi-logarithmic plot of ‘displacement’ (above) and ‘velocity’ (below) obtained from the 
calibrating input circuit. 


In order to scale the velocity record into cm/sec the input of the first amplifier could be 
switched so that it measured the voltage on a condenser discharging itself through a resistance, 
® photographic record being obtained of the resulting ‘shortening’ and ‘velocity’. Since the 
differential of an exponential curve is itself an exponential, both these records should give straight 
and parallel lines when plotted on semi-logarithmic paper (see Fig. 3), while from the slope and 
vertical separation of the lines the scaling factor from om to cm/sec can be easily calculated. 
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RESULTS 


The tension-length curve of the contracting muscle was measured before and 
after the group of isotonic shortenings in order to estimate and take account 
of the steady deterioration in isometric tension discussed above. ‘Before’ 
(filled circles) and ‘after’ (open circles) tension-length curves are shown in 
Fig. 4. A typical isotonic record is reproduced in Fig. 2; it shows how — 
shortening and velocity varied in a contraction against a tension of 26-7 g wt. 


Corrected length (mm) 
Fig. 4. Tension-length curve of contracting sartorius at beginning (filled circles) and end (open 

circles) of experiment. Zero on the length scale is the body length of the muscle which was 

30 mm long and weighed 97 mg. Shortening negative. ) 

Method of calculation 
In order to describe this clearly one must anticipate the conclusion which 

was drawn from the experimental results, i.e. that Hill’s equation does apply 
at all degrees of shortening so long as P, at any length / at which the velocity 
V, is measured is given the value (P,), appropriate to that length. Thus 


—10 


(P+a) = (Py), +0)2, (2) 
or 4 P. (3) 


It is shown below how a, 6 and V, can be determined from experimental 
isotonic records, The value of (P,), corresponding to any chosen value of | 
can then be calculated by equation (3). By comparing values of (P), calcu- 
lated from isotonic records with those measured directly in isometric experi- 
ments the validity of equation (3) is tested. A single experiment only is 
described in detail, but six others have all given similar results. 
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Determination of a and b. The values of a and 6 were calculated by fitting 
Hill’s equation to the experimental curve of initial velocity against isotonic 
load (Fig. 5, circles). The values of a and b giving the fitted curve shown were 
a=18-5 g wt., b=1-19 cm/sec. 
Determination of V,. Each isotonic record, e. g. Fig. 2, gives a length-time 
- and a velocity-time curve. The velocity V, corresponding to a given length | 
can thus be read off directly from the record. 
Correction for elastic element. It has been pointed out by Dr X. M. Aubert 
that even isotonic records need to be corrected for the effect of the inert 
elastic component if isotonic contractions at different tensions are to be 


Fig. 5. Isotonic force against initial velocity. Same muscle as in Figs. 2 and 4. Circles: experi- 
mental points. Line: theoretical calculated by Hill’s equation with a = 18-5 g wt., b = 1-19 cm/sec. 


compared. A generalized stress-strain curve for the elastic element is given 
by Hill (1950, fig. 1). By scaling this curve appropriately one can read off the 
amount of extra shortening, not visible externally, which accompanies iso- 
metric or isotonic contraction at a given tension and which must be added if 
all length measurements are to relate to the same standard, the length of the 
contractile component at rest and under zero tension. The effect of this 
correction is small, for at all the tensions used experimentally the passive 
series compliance has already become small and almost constant; stretching 
of chain and tension recorder can certainly be neglected. Between 3-8-g wt. 
and 68 g wt. in the experiment quoted here the elastic element lengthened 
only 0-9 mm. Fortunately the correcting process does not upset the original 
calculation of the values of a and 6, since (P,), does not vary appreciably over 
the particular range of lengths at which the-initial velocities were measured. 

Caleulation. Since values of a, b and V, were available at a number of 
known corrected lengths and for several values of P, values of (P,), could be 
calculated at these lengths. The result is shown in Fig. 6, open symbols, for 
‘five different values of isotonic load. It is clear that the five estimates of the 
relationship between (P,); and length agree reasonably well with one another 
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and with the directly measured curves of isometric tension against length. 
This agreement justifies the claim that the modified Hill’s equation is valid 
throughout shortening. 
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Fig. 6. Tension-length curve of the same muscle as in Figs. 2, 4 and 5. Black circles: isometrics 
measured directly, as in Fig. 4. Open symbols: calculated by equation (3) from records 
of isotonic shortening against various loads. A, 3-8 g wt.; O, 11-5 g wt.; (J, 26-7 g wt.; 
x, 38-2 g wt.; +, 45-8 g wt. 

DISCUSSION 
It has been shown experimentally that Hill’s equation in the form 

applies to muscle shortening below its body length so long as (P,), is given, at 

every instant, the value corresponding to its length / at that instant. One 

consequence of this is that the final state of the contracted muscle is the same 

(see Fig. 7), whether the muscle reaches a given point on the tension-length 

curve by an after-loaded isotonic contraction (route A) or by an isometric 

contraction following passive shortening of the resting muscle (route B). 

Whether the modified Hill’s equation applies also to muscles shortening from 

beyond body length (in the shaded region of Fig. 7) is not yet known. There is 

evidence (see Buchthal & Kaiser, 1951, p. 121) that-when a muscle fibre begins 
its shortening from beyond body length, for example in a pre-loaded isotonic 
contraction, shortening ends before the tension-length curve is reached. The 
same effect sometimes appears with whole muscle when shortening begins at 
body length, but only at the highest isotonic tensions (see, for example, 
45:8 g wt. points in Fig. 6). 
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Since in the modified form of Hill’s equation a and 6 are still constants, 
a/P, and b/V, must vary with muscle length, both P, and V, being zero after 
complete unloaded shortening. Hill (1939) came to the conclusion that a/P, 
was constant at different lengths. His reasoning was based on measurements 
of the total work done in contractions against a Levin-Wyman ergometer. 
The disagreement with present findings may have arisen because a substantial 
fraction of this work was done while the muscle was relaxing and no longer 
obeying Hill’s equation. 


Fig. 7. Diagrammatic tension-length curve of muscle. See text. 


The fact that a is constant over a wide range of shortening is particularly 
interesting since it has been shown that the heat of shortening (per cm) is also 
constant (and numerically and dimensionally equal to a) over a wide range of 
muscle length (Abbott, 1951). Buchthal & Kaiser (1951, p. 178) maintain 
that the similarity between a and the constant of shortening heat is purely 
accidental, since the absolute value for a (g/cm?) obtained from mechanical 
experiments on single fibres of semi-tendinosus is four times greater than that 
obtained from the whole semi-tendinosus muscle, and both values cannot be 
equal to the constant of shortening heat. This evidence is too indirect to be 
acceptable in the absence of parallel thermal experiments, for the method of 
scaling up from fibre to whole muscle could easily introduce large errors. The 
conclusion that a/P, is larger in single fibres than in whole muscle may rest 
on nothing more than the assumption (p. 177) that the ‘natural length’ of 
whole muscle is 35-50% greater than that of the single fibre; it has been 
indicated above that a/P, varies steeply with muscle length. 
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-Hill’s equation does not directly suggest any particular physico-chemical 
model of the contractile process: for the time being one must regard the 
equation as a remarkably accurate but purely descriptive relation between 
observed facts. Several other 3-constant equations fit the vamatahmoae | curve 
of muscle satisfactorily, e.g. 


P=P,e-"—kV (Fenn & Marsh, 1935), 
V =const. — BP-*) (Polissar, 1952), 
(an empirical equation in which a and 6 have the same dimensions and 
nearly the same values as in Hill’s equation). 


Some equation other than Hill’s may be found whose form is more closely 
related to the physical chemistry of contraction, but it is clear that any 
theory which accounts both for the shape of the force-velocity curve and for 
the occurrence of shortening heat must at the same time be consistent with 
the known energy turnover: — 


(Rate of extra energy production in shortening, i.e. shortening heat + work) 
oc [(isometric tension corresponding to instantaneous length) 
— (tension on contractile element) ]. 


Several attempts have already been made to explain these experimental 
facts in theoretical terms. Ramsey (1944) and later Gassner & Reichel (1952) 
have shown how shortening heat might be accounted for in isotonic contrac- 
tions by the degradation into heat of that part of the mechanical potential 
energy (calculated from the area of the tension-length curve) which does not 
appear externally as mechanical work. Both authors’ theories contain many 
serious defects; for example, both predict the correct amount of shortening 
heat only under isotonic conditions, whereas experimentally shortening heat 
is proportional to the distance shortened no matter how much the tension 
may have varied during shortening. They thus fail to account for the produc- 
tion of extra energy during shortening for the same reason as did the older 
visco-elastic theories. 

Recently, Polissar (1952) has published a theory of the contractile process 
which is like that of Varga and Szent-Gyérgyi (discussed by Szent-Gydrgyi, 
1948) in that contraction is held to result from the all-or-none transformation 
of molecular shortening units from a long (LZ) to a short (S) form. The 
degree of shortening of the whole muscle then reflects the state of the 


dynamic equilibrium ta Polissar’s theory I and II represent 


different reaction routes. Polissar’s model certainly shows some of the 
properties of living muscle, for example, a force-velocity curve of the correct 
shape. The theory is weak in its account of the energy relations during change 
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of length. Thus it wrongly predicts a positive heat of lengthening (p. 800) 
instead of the negative one found experimentally (Abbott & Aubert, 1951): 


it cannot account for the constancy of a (thermal) throughout shortenings of 
large extent (Abbott, 1951) and the explanation given (p. 802) of the source 
of work in contraction (i.e. that it is mechanical energy stored in the passive 
elastic element of the muscle) is inadequate, for it fails to account for the 
production of work in ordinary isotonic contractions where the tension never 
rises above its isotonic value. 

One major stumbling-block in the way of all theories so far suggested has 
been the fact that the amount of shortening heat is independent of the work 
done by the muscle. Polissar’s scheme might be improved in this respect by 
making a clearer distinction between heat and work, and by supposing that in 
association with the reaction LS, chemical means are provided for absorbing 
any surplus free energy without degrading much of it into heat. It is likely 
that even mechanical work can be converted by muscle into chemical energy 
(Abbot, Aubert & Hill, 1951). The heat change accompanying the reaction 
is equal to AF + TAS—W, where F =Gibbs’ free energy, S=entropy, 
T =absolute temperature, W = energy lost from thesystem either as mechanical 
work or by chemical transfer. According to the suggested hypothesis 
AF—W=0, so the residue of heat change is entirely associated with the 
entropy term, TAS. AS might easily be large, because of the great change in 
molecular configuration and it may be negative (i.e. heat given out during 
the reaction). TAS has the properties required of a shortening heat, being 
proportional to the distance shortened (i.e. to the amount of reaction) 
independent of the work done and nearly independent of the temperature. 

Unfortunately, little is known about the kinetics of chemical reactions in 
which some of the reacting groups are attached to a molecular framework 
through which they can be influenced by external forces. There thus remains 
a large gap to be bridged before the microscopic properties of living muscle 
can be explained fully in terms of the chemical processes associated with 
contraction, and of the minute and molecular structure of muscle fibres. 


SUMMARY 


1. Since the isometric tension P, developed by an active ma varies 
with the length at which the muscle is stimulated, Hill’s equation has formerly 
been applicable only over a restricted range of muscle lengths. 

2. It is shown that a simple modification of the equation in which a and b 
remain as constants is valid throughout the fall extent of shortening. The 
similarity between a and the constant of shortening-heat/cm i is thus enhanced. 

3. The theoretical interpretation of these facts is still uncertain: peveral 
ne and suggestions are discussed. 
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HYPERSENSITIVITY OF THE DENERVATED NICTI- 
TATING MEMBRANE AND AMINE OXIDASE 


By J. H. BURN ann JUDITH ROBINSON | 
From the Department of Pharmacology, University of Oxford 


(Received 4 November 1952) 


The presence of amine oxidase in the nictitating membrane of the cat has been 
demonstrated by one of us (Robinson, 1952). We have recently published 
observations (Burn & Robinson, 1952) showing the effect of removing the 
superior cervical ganglion, and thereby denervating the membrane, on the 
amount of amine oxidase in the membrane. In each experiment we removed 
the ganglion on one side, and then after a period which varied from 8 to 33 days 
we killed the cat and compared the amount of amine oxidase in the two 
nictitating membranes. We expressed the amount in the denervated membrane 
as a percentage of that in the normal membrane. We found that the amount 
of amine oxidase in the membrane fell after denervation, though the extent 
of the fall was very variable. However, the mean figures showed that the fall 
reached a minimum of 65% at 10 days after removal of the ganglion, and then 
the amount of amine oxidase rose steadily back to normal. Thus at 21 days 
after removal of the ganglion, the value was already 88%. 

Since the superior cervical ganglion was extirpated in these experiments we 
did not see that the recovery of the amount of amine oxidase could be due to 
regeneration of the nerve fibres. However, the suggestion was made to us that 
branches of fibres passing up the arteries from the stellate ganglion might lead 
to re-innervation. Since it was important to establish whether the restoration 
of the enzyme in denervated tissue was dependent on the re-entry of nerve 
fibres, we have made further experiments in which we removed the stellate 
ganglion as well as the superior cervical ganglion. 


METHODS 


In a series of twenty-three cats both the right stellate ganglion and the right superior cervical! 
were removed in a sterile operation. The stellate ganglion was removed by Anderson’s 
method (1904a). These cate were killed at intervals of 8, 14, 19-20 and 22-23 days by giving 
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them an intraperitoneal injection of Amytal, and by cutting the abdominal aorta when they were 
anaesthetized. The amine oxidase in each denervated nictitating membrane was then determined 
in comparison with that in the corresponding normal membrane. Tyramine was used as a sub- 
strate and the determinations were made in the presence of KCN. The rate of oxygen uptake 
in the first 20-30 min was used to express the amine oxidase activity. 


RESULTS 


The figures in Table 1 show the results obtained after removal of the superior 
cervical and stellate ganglia. There was a wide variation in the fall in amine — 
oxidase in different cats similar to that previously seen, but the mean fall was 
tc a lower point. Thus, after taking out the superior cervical ganglion only, 
the lowest mean fall was to 65°, whereas after taking out both ganglia the fall 
at 8 days was to 52-6%. The results failed to indicate any subsequent rise in 
Days after No. of Individual 
dernervation 


cate results Mean 
8 6 63, 61, 43, 52-6 
55, 25, 69 
14 8 20, 41, 50, 56-6 
37, 100, 56, 
93, 56 
19-20 5 57, = 67, 58-4 
22-23 4 & 28-5, 47, 47-4 


the amine oxidase percentage up to 23 days, although after removing the 
superior cervical ganglion only, the percentage had risen to 88% at 21 days. 
Thus the mean figure at 19-20 days in Table | is 58-4 and that at 22-23 days 
is 47-4%. If these two figures are combined they give a mean for the period 
19-23 days which is 52-9, practically the same as the figure for 8 days (see 
Fig. 1). 

The evidence therefore indicates that the recovery of amine oxidase previously 
recorded must have been due to re-innervation of the nictitating membrane. 
Relation of the fall in amine oxidase to hypersensitivity 

The denervated membrane is more sensitive to adrenaline than is the normal 
membrane, and much more sensitive to noradrenaline. The hypersensitivity 
is, however, very variable to both of these substances in different animals. 
We found previously that the hypersensitivity to noradrenaline was correlated 
with the hypersensitivity to adrenaline in a series of ten cats, and that the 
hypersensitivity to each of these substances wag also correlated with the fall 
in the amount of amine oxidase in the denervated membrane. That is to say, 
a denervated membrane which was extremely hypersensitive was found to 
contain much less amine oxidase than the normal membrane, while we 
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vated membrane which was only slightly hypersensitive was found to contain 
very little less amine oxidase than the normal membrane. The observations, 
however, were made in ten cats only, and we have now extended them to 
include fifteen more cats, 

We made observations either 8 or 9 days after removal of the superior 
cervical ganglion since that was the point at which most of the first series of 
cats were examined. (Two of the first series were examined at 10 days and one 
at 12 days.) The stellate ganglion was not removed. We determined the hyper- 
sensitivity in each cat by making a spinal preparation and injecting noradrena- 
line in amounts of 4, 6, 10 and 15 »g; we measured the contractions of the two 


Days 

Fig. 1. The ordinate is the amount of amine oxidase in the denervated nictitating membrane 
expressed as a percentage of that in the normal membrane. The abscissa is the time in days 
after denervation. The black circles represent values after removal of the superior cervical 
ganglion. The crosses represent values after removal of the superior cervical ganglion and 
the stellate ganglion. The figures beside each point are the numbers of cats used. 


membranes as recorded on the kymograph. We expressed the hypersensitivity 
as the ratio of the contraction of the denervated to the contraction of the 


normal membrane, which we called the D/N ratio. This ratio varies with the 
dose, diminishing as the dose increases. The mean change in the ratio with 
the dose has recently been determined by Fleckenstein & Burn (1953). Since 
the ratio.was determined in the previous work for a mean dose of 7-2 yg, in the 
present observations we have taken, as being nearest to this, the mean of the 
ratios for 6 and 10 wg in each experiment. 

The results for all twenty-five cats are shown in Table 2. The figures for 


amine oxidase are calculated throughout from the rate of oxygen uptake in 
the first period of 20-30 min. 
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To enable the trend of the results to be evident on inspection, they have 
been tabulated in ascending order of the values for the percentage of amine 
oxidase, and in Table 2 they appear in three pairs of columns. It can be seen 
that the values for the D/N ratio on the whole decline as the amine oxidase 
figures rise. In the first pair of columns the mean amine oxidase percentage 
is 46-3, while the mean D/N ratio is 28; in the second pair of columns the 
corresponding figures are 63-2 and 18-2; finally, in the third pair, they are 
88-1 and 9-1. Thus as the amine oxidase percentage in the denervated membrane 
approaches the value 100, the degree of hypersensitivity declines. 

2. Amine oxidase 


of denervated nictitating branes of twenty-fi 
been performed 8-12 days previously by removal of the superior cervical ganglion. 


Amine Amine Amine 

oxidase D/N oxidase D/N oxidase D/N 
(%) (%) (%) ratio 
25 23-5 56 29-1 77 16-6 
39 41 57 29 77 4-65 
43 48-5 60-5 12 84 9-8 
46-5 4-0 61-5 29 88-5 11-1 
47 . 28-3 63 11-45 91 6-5 
53 74 69 15 94 4-4 
53-5 35 69 17-7 oF 1-75 
55 31 69-5 2-2 99-2 18 
55 3-55 _ 

Mean 46-3 28-0 63-2 18-2 88-1 1 


The figures in Table 2 were examined by the method given by Fisher (1946) 
and the correlation coefficient r was found to be —0-416. When tested for 
significance, the correlation was found to be significant at the 3-8% level 
(P =0-038). 

We consider that these results fully confirm the previous observations that 
the degree of hypersensitivity of the denervated membrane at 8-10 days after 
removal of the superior cervical ganglion is related to the extent of the fall in 
amine oxidase which follows denervation. 


DISCUSSION 
The difference between the result of removing the superior cervical ganglion 
only and that of removing the stellate ganglion also, was unexpected and is 
difficult to explain. We have consulted Prof. J. D. Boyd who has studied the 
disposition of sympathetic ganglia in the head region. He has found in rabbit 
and in man that in addition to the superior cervical ganglion, other ganglia 
occur in four situations: (1) on the course of the internal carotid artery in the 
carotid canal; (2) in the wall of the cavernous sinus; (3) constantly on the 
2nd cervical nerve close to the junction of the roots, and occasionally on the 
lst cervical; and (4) on sympathetic fibres in the middle ear. Hence it is 


possible that after the removal of the superior cervical oo 
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previously innervated from it might receive a new innervation from these 
remaining ganglia. Thus Weddell, Guttmann & Gutmann (1941) found that 
denervated skin areas receive a fresh innervation from surrounding normal 
nerves. If such an explanation of the restoration of amine oxidase in the 
nictitating membrane is the right one, it remains to explain why the removal 
of the stellate ganglion prevents this restoration, since the fibres leaving it in 
a cranial direction are regarded as chiefly preganglionic. It seems more con- 
sistent with current ideas to suppose that the re-innervation is by postganglionic 
fibres originating in the stellate ganglion which pass to the nictitating mem- 
brane by a route not involving the cervical sympathetic, for example, along 
the vertebral canal. . 

It may be pointed out that the regeneration did not restore central control 
of the nictitating membrane nor reduce its sensitivity to noradrenaline to the 
normal level, though it had some effect in this direction. Anderson (1904)) 
recorded a similar incomplete form of re-innervation of the cat’s iris after 
removal of the ciliary and accessory ciliary ganglia. While the sphincter did 
not contract to eserine locally applied 3-6 weeks after the operation, its 
sensitivity to eserine then returned, although it remained insensitive to light, 
and although it remained unaffected by stimulation of the 3rd or ciliary nerves 
3 months after the removal of the ciliary ganglion. However, Anderson found 
in another experiment that ‘the renewed excitability of the sphincter by 
eserine disappeared after a second section of the ciliary nerves (together with 
the optic nerve) but that the excitability reappeared a month later when 
sufficient time had elapsed to allow regeneration to have occurred a second 
time’. Thus Anderson observed nerve regeneration which led to a sufficient 
discharge of acetylcholine from the nerve endings to. make the sphincter 
respond to eserine, though the regeneration did not restore a motor pathway 
for light reflexes or direct stimuli. | 

Our observations provide an example of another effect of nerve regeneration, 
namely, the restoration of enzyme content after an initial loss, a restoration 
which was prevented by removal of all fibres which were presumably 
postganglionic. 

Additional evidence has been obtained that the hypersensitivity of the 
denervated membrane to noradrenaline depends on the loss of amine oxidase 
which is consequent on denervation. The previous results on ten cats have 
been extended by results on fifteen more cats. The correlation coefficient in the 
twenty-five cats was significant at the 3-8% level. Since hypersensitivity to 
noradrenaline was found to be correlated with hypersensitivity to adrenaline 
in the ten cats previously examined, and also in twenty-five cats examined by 
Fleckenstein & Burn (1953), it follows that the hypersensitivity of thenictitating 
membrane to these two substances which is induced by degeneration of the 
postganglionic fibres is closely related to the fall in the amount of amine oxidase 
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and is probably caused by this fall. The hypersensitivity of the denervated 
nictitating membrane to other substances, however, such as acetylcholine 
(Rosenblueth, 1932) is not explained in this way, but that is now being 
investigated. 

SUMMARY 

1, The amount of amine oxidase in the nictitating membrane of the cat 
falls after removal of the superior cervical ganglion, reaching a minimum of 
65% of normal in 10 days and then the amount returns to normal in 4-5 weeks. 
However, when the stellate ganglion is removed as well there is a greater fall 
to about 50%, of the normal, and this remains unchanged. 

2. Compared with the normally innervated membrane the denervated 
membrane is hypersensitive to the action of noradrenaline when injected 
intravenously in the spinal cat, but the degree of hypersensitivity varies 
greatly in different cats. The degree of hypersensitivity has been measured in 
twenty-five cats, and compared with the fall in amine oxidase. The degree of 
hypersensitivity was found to be related to the extent of the fall in amine 
oxidase, the correlation being significant at the 3-8 % level. | 
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EXPERIMENTS ON THE POST-CONTRACTION HYPER- 
AEMIA OF SKELETAL MUSCLE 


By 8. M. HILTON* 
From the Physiological Laboratory, University of Cambridge 
(Received & November 1952) 


The main facts concerning the alterations in muscle blood flow, both during 
and subsequent to contraction, were described by Gaskell (1877). Gaskell then 
believed that the enormous hyperaemia following even short periods of con- 
traction was brought about by vasodilator nerve fibres, which were stimulated 
concomitantly with the motor fibres themselves. When he later discovered 
(1880) that lactic acid, a product of muscular activity, produced a vasodilata- 
tion in perfusion experiments, he advanced the theory that locally produced 
metabolites bring about the hyperaemia by a direct action on the blood vessels. 
Subsequently, Bayliss (1901) showed that carbonic acid also produced a vaso- 
dilatation, and these results were confirmed in later experiments. Thus, Barcroft 
& Kato were able to assert (1915), in their paper on the effects of functional 
activity in striated muscle and the submaxillary gland, that, as an explanation 
of the hyperaemia found in both cases, Gaskell’s theory was now unquestioned. 

Gaskell himself, however, did not reject the possibility that vasodilator 
fibres might play some role in the response, though he considered the extent of 
their contribution to be still an open question (1916). The matter has been 
raised again recently by Folkow & Uvniis (1948), who found that the cholin- 
ergic dilator fibres to the cat’s skeletal muscle played no part in the general 
blood-pressure responses of the animal. These fibres can be activated by 
hypothalamic stimulation (Eliasson, Folkow, Lindgren & Uvnis, 1951), as part 
of a patterned response suggestive of a preparation for muscular activity, but 
no other function has as yet been definitely ascribed to them. Keller, Loeser & 
Rein (1930) found that a small vasodilatation occurred in the resting muscles 
of the opposite limb following contraction of the hind-limb muscles, while 
Anrep, Blalock & Samaan (1934) found that this also occurred in the resting 
muscles of the same limb. These were true reflex effects, and were abolished by 
section of the nerve to the active muscle, but they did not appear to contribute 
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to a significant extent to the hyperaemic response in the active muscle itself. 
Both groups of authors attributed this response, in the main, to locally acting 
chemical factors. 

The traditionally accepted chemical factors (0, lack, lactic acid and pH 
changes) have now been virtually excluded from playing any major part in the 
response: in addition, there is only scanty evidence in the literature of the 
actual production of vasodilator substances by a contracting muscle. Anrep & 
von Saalfield (1935) first demonstrated the dilator properties of the venous 
effluent from an active muscle: the substance (or substances) concerned 
appeared to be very stable in blood. Fleisch & Weger (1937a) emphasized 
that such substances cannot be demonstrated under normal conditions; the 
flow through the muscle must be impeded in some way. Grant (1938) obtained 
indirect evidence in a human subject for the release of vasodilator substances. 
If the limb muscles are made to contract while their blood flow is occluded, 
a normal hyperaemic response is seen when the flow is re-established. 

The question still arises how the vasodilator substances, liberated by the 
active muscle cells, would affect not only the arterioles but also the small 
arteries which are widely dilated. Even arteries outside the muscle dilate 
following muscular contraction (Schretzenmayr, 1933; Fleisch, 1935). These 
effects cannot all be adequately explained on the basis of a direct action of 
metabolites on the vessel walls. 

Experiments of Schretzenmayr gave the first indication that muscular con- 
traction might elicit vasodilatation through an axon reflex. He measured the 
calibre of the femoral artery in the inguinal region, and showed that it increased 
in diameter following activity in the muscles of the hind-limb. This dilatation 
was obtained independently of the central nervous system, but was abolished 
when the artery was painted with phenol below the site of measurement. He 
concluded that the phenol had destroyed nerve fibres travelling along the 
artery wall, thus interrupting the axon reflex responsible for the dilatation. 
Fleisch confirmed and elaborated these findings. He showed that the axon 
reflex could be elicited by local arterial injection into the muscle of various 
substances. Acetic acid, various intermediary products of metabolism, hista- 
mine and acetylcholine were all effective, the latter being extremely potent. 
Though these alterations in calibre of such large vessels will not ordinarily 
produce a significant change in the rate’ of blood flow, they are probably 
a reflexion of what is also taking place further down the arterial tree, where 
the effects on flow will be much greater. However, no experiments have yet 
been performed to show whether a similar mechanism is in any way responsible 
for the dilatation of the smaller vessels. 

In this paper, results are described of experiments which were performed in 
order to test the possibility that nervous pathways are essential for the full 
development of the hyperaemia following muscular contraction. 
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| METHODS 
All the experiments were performed on cats under chloralose anaesthesia (70-75 mg/kg). 

The venous outflow from the gastrocnemius muscle was isolated according to the method of 
Verzar (1912), except that the saphenous vein was tied off and the femoral vein iteelf was prepared — 
for cannulation. Two lengths of polyethylene tubing were then passed into the vein, one pointing 
peripherally and the other centrally; and the blood was subsequently allowed to pass from the 
former, through a specially constructed drop chamber (Hilton, 1952) and straight back into the 
animal through the central length of tubing. Thus, the blood was long-circuited through what was 
still a closed system. This technique permite of several hours of continuous working, without 

timer (Gaddum & Kwiatkowski, 1938). 

fa 6s has been: all bub ite upper bony attachments, 
adequately moist and at the correct temperature, so, for most of the experiments, the gastro- 
cnemius was not stripped up and eeparated from the deep muscles of the posterior compartment 
of the lower leg. This means that the two or three very fine veins passing between the gastrocnemius 
and the deeper muscles were left intact, but this introduces no errors into the experiments here 
to be described. 

Through the original skin incision on the anterior aspect of the thigh a Perspex cuff bearing two 
platinum electrodes was applied to the tibial branch of the sciatic nerve, the peroneal branch 
having been sectioned. When direct stimulation of the muscle was required, two needle electrodes, 
insulated except for a few mm at the tips, were pushed through the skin into the gastrocnemius. 
The stimuli were condenser discharges from a neon stimulator at a rate of 30-40 per sec, the 
strength being such as to give a maximal or just submaximal contraction of the muscle. 

When required, arterial injections were made through a cannula tied into a branch of the 
femoral artery. 

After the main preparatory operation, the animal was left for an hour, and then finally set up. 
Heparin (1000 unite/kg) was administered before any vessels were opened. 


RESULTS 


The hyperaemia following a 10 sec tetanus 
The extent of the post-contraction hyperaemia depends primarily on the 
duration of the contraction and the number of motor units that have been 
activated (Anrep et al. 1934). The rate of development, extent and duration of 
the hyperaemia following the standard 10 sec tetanus is seen in Fig. 1. 

Since the flow through the muscle is usually considerably impeded during 
such a tetanus, it seemed important to assess the part that reactive hyperaemia 
might be playing in the production of the post-contraction effect. The responses 
to occlusion for 30 sec of the venous outflow, and of the arterial inflow, are 
shown in Fig. 2. Occlusion of the venous outflow was not followed by any 
hyperaemia, but arterial occlusion did give rise to a hyperaemic response of 
comparatively short duration. Whereas its initial peak may be as high, or even 
higher than that of the response to a like period of maximal contraction, 
it is much more transient and is, therefore, insufficient to contribute to any 
significant extent to the post-contraction effect. The same conclusion was 
reached by Gaskell (1916). During a short period of venous occlusion, the 
muscle may be continuing to fill with blood; but this cannot account for the 
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Fig. 1. Records of venous outflow (Gaddum drop timer) from gastrocnemius muscle, and of 
arterial blood pressure, At signals, stimulation (10sec at 40/sec) of tibial nerve. A: cat, 
3-2 kg; B: cat, 1-5 kg, recorded with a faster drum speed. — 


(v) (a) 


Fig. 2. Cat, 2-2 kg. Records of venous outflow from gastrocnemius muscle, and of arterial blood 
pressure, Effect of 30 sec occlusion of the femoral vein (v) and artery (a). B and C were 
recorded with a faster drum speed. 
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lack of response, for, even if the venous occlusion is maintained for several 
minutes, the hyperaemic effect is still negligible. On the other hand, prolonged 
occlusion of the arterial inflow is followed by proportionately larger hyperaemic 
effects. 

The post-contraction hyperaemia is also not the result of the concomitant 
electrical stimulation of nerve fibres which have a vasodilator action (i.e. 
either sympathetic or of the posterior root system), since, in a curarized animal 


A B Cc 


Fig. 3. Cat, 2-8 kg. Records of venous outflow from gastroonemius muscle, and of arterial blood 
pressure. Effect of intravenous injection of 1-5 mg/kg p-tubocurarine chloride between A 
and B. At signals A and ©, stimulation (10 sec at 40/sec) of tibial nerve. At signal B, direct 
stimulation of the muscle (10 seo at 40/sec). 


in which neuromuscular transmission has been abolished, stimulation of the 
tibial nerve with the standard stimulus produces, if anything, a small diminu- 
tion of flow (Fig. 3). This result is conclusive, for there is no recorded case in 
which curare has blocked either post-ganglionic sympathetic fibres or anti- 
dromic vasodilatation. Contraction of the muscle, on the other hand (produced 
by direct stimulation) is still followed by a hyperaemia. This, however, is less 
pronounced than usual, even though the stimulus strength had been increased. 
This diminution may well have resulted from a reduction in the number of 
muscle fibres activated, or it may represent a real reduction in the hyperaemic 
response. Nevertheless, the experiment shows that the main hyperaemic effect 
is intimately associated with the actual process of contraction itself. Anrep 
et al, (1934) performed similar experiments on the dog, and arrived at the 
same conclusion. | 
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The effect of drugs on post-contraction hyperaemia 

Atropine. If cholinergic vasodilator fibres are involved in the post-contrac- 
tion effect, one might expect it to be abolished by atropine. As seen in Fig. 4A, 
the hyperaemia was neither abolished nor even reduced by atropine in all 
doses examined (0-5-9-0 mg/kg). The only effect occasionally observed was 
a slight potentiation of the vasodilator response after the smallest dose used 
(0-5 mg/kg). This result does not preclude the participation of cholinergic 
fibres, for there are examples in the literature of the failure of atropine to 
abolish vasodilator effects produced by the stimulation of cholinergic fibres. 
Perhaps the best known is the case of the submaxillary gland, in which stimula- 
tion of the chorda tympani, after atropinization, still causes a brisk increase 
in blood flow when secretion is no longer obtained. 


A B C 


Fig. 4. Records of venous outflow from gastrocnemius muscle, and of arterial blood pressure from 
three cats. Effect of intravenous injections of atropine, phentolamine and mepyramine on 
post-contraction hyperaemia. A: cat, 2-0 kg, after 4-5 mg/kg atropine. B: cat, 2-3 kg, after 
1-5 mg/kg phentolamine. C: cat, 2-2 kg, after 5 mg/kg mepyramine. 


Phentolamine. This powerful sympatholytic drug (Regitine, Ciba), even 
when given in large doses that considerably reduce the arterial blood pressure, 
did not diminish the post-contraction hyperaemia. This is illustrated in Fig. 4 B; 
the experiment was from an animal in which the contraction of the muscle did 
not reduce the blood flow through it. : 

Mepyramine. Histamine is a natural constituent of skeletal muscle, and is, 
according to Anrep & Barsoum (1935), released during muscular contraction. If 
the release of histamine were responsible for the post-contraction hyperaemia, 
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the latter should be abolished, or at least reduced, by antihistamine drugs. 
However, mepyramine, even in large doses (Fig. 4C), had no effect. 

Cocaine. This local anaesthetic regularly reduced or abolished the post- 
contraction hyperaemia. Arterial injections of cocaine hydrochloride were not 
so effective in this tespect as were direct injections into the muscle. 1 ml. of 
a 1% solution, injected in divided portions, causes a small, transient vaso- 
dilatation which wears off in a minute or so. At this time the motor fibres are 
not yet paralysed, and stimulation of the tibial nerve produces a powerful 


A B 


Fig. 5. Cat, 2-0 kg. Records of venous outflow from gastrocnemius muscle, and of arterial blood 
pressure. Effect on post-contraction hyperaemia of 10 mg cocaine (1: 100) injected between 
A and B directly into the muscle, At signals, stimulation (10 sec at 40/sec) of the tibial nerve. 


contraction of the muscle which has almost no hyperaemic effect. This is shown 
in Fig. 5. It can be seen that the resting level of blood flow is the same after 
cocaine as before, so that the blood vessels can be assumed to be in a normal 
state of tone. A further indication that the vessel walls are not paralysed is 
given by the fact that acetylcholine produces its usual vasodilator effect, 
while the constrictor action of adrenaline is not only retained, but even 
potentiated. 

Injections of procaine into the muscle were much less effective. This is in 
keeping with the findings of Fleisch & Weger (1938), who performed a corre- 
sponding experiment on the dog’s hind-limb perfused with blood. They added 
procaine to the blood to make a final concentration of 1; 2000 and found that, 
after 10 min, the post-contraction hyperaemia was often abolished. 
Botulinum tovin. This toxin is known to exert a specific paralytic action on 
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cholinergic nerve-endings by inhibiting the release of acetylcholine without 
affecting conduction or interfering with muscular contraction (Guyton & 
MacDonald, 1947; Burgen, Dickens & Zatman, 1949; Ambache, 1949). In 
four experiments 100-200 ug were injected in divided portions into the gastro- 
enemius muscle under pentobarbitone anaesthesia. The animals were allowed 
to recover, and 2 days later the muscle was paralysed in every case, there being 
complete neuromuscular block. 


A 


Fig. 6. Records of venous outflow from gastrocnemius muscle, and of arterial blood pressure. 
Effect of botulinum toxin on post-contraction hyperaemia. A and B: cat, 3-3 kg, 2 days after 
local injection of toxin into muscle. A: at signal, direct stimulation (10 sec at 40/sec) of 
muscle. B: at signal, arterial injection of 1 ug acetylcholine chloride. C: normal cat, 2-3 kg; 
at signal, just-threshold stimulation (10 sec at 40/sec) of tibial nerve. 


At this time, the contractions produced by direct stimulation of the muscle 
were no longer followed by a hyperaemic response (Fig. 6A). As a control, the 
response of a normal muscle to a just-threshold contraction is shown in Fig. 6C. 
The absence of a post-contraction hyperaemia is particularly striking, because 
in the botulinized muscle the vasodilator response to arterial injections of 
acetylcholine is found to be much increased (Fig. 6B). This hypersensitivity 
of the vessels to acetylcholine is in itself suggestive that the effect of the toxin 
has been to paralyse cholinergic vasodilator fibres, for it is known that hyper- 
sensitivity of the denervated tissue to its transmitter results not only from 
actual nerve section but also when the nerve supply is functionally blocked 
for some time by drug action (Emmelin & Muren, 1952). 
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The role of true and azon reflexes in the production 
of the post-contraction hyperaema 

The finding that both cocaine and botulinum toxin abolish the post-contrac- 
tion hyperaemia suggests that nerve fibres, probably cholinergic, are involved 
in the mechanism whereby the vasodilatation is brought about. The following 
experiments show that a true central reflex mechanism, however, is not 
responsible for this post-contraction effect. This bears out earlier contentions 
of Anrep and Rein (Keller et al. 1930), already referred to. 

Neither removal of the lumbar sympathetic chains, nor interruption of the 
afferent fibres from the gastrocnemius by section of the posterior roots L6-8 2, 
altered the hyperaemic response to standard stimulation of the tibial nerve. 
In sympathetic denervation experiments, both lumbar sympathetic chains 
were exposed, and the post-contraction hyperaemia was recorded before, and 
a few minutes after, removal of the chains. This procedure was not very 
satisfactory, for, as a result of the preliminary operation, the muscle blood 
flow was very fast. and the hyperaemia was therefore relatively small. In 
the experiments in which the posterior roots were sectioned, this difficulty did 
not occur, because exposure of the roots did not affect the blood flow, and 
section of the roots increased the flow for a short period only. 

However, even these experiments do not definitely exclude the possibility 
of the participation of a true reflex, for the afferent fibres concerned could enter 
the spinal cord through higher lumbar roots. In order, therefore, to sever all 
nervous connexions between the muscle and the central nervous system, 
the following experiment was performed. All branches of the femoral artery 
not supplying the gastrocnemius muscle were ligated and divided, great care 
being taken that no branch was missed: the femoral vessel itself was ligated 
below the origin of the branch to the gastrocnemius. The vein was prepared 
in the usual way. The only possible nervous connexions between the muscle 
and the central nervous system are now through its motor nerve or by any 
fibres that may run along the femoral artery. If the tibial nerve is now divided 
central to the point at which it is to be stimulated, the muscle blood flow at 
first increases but returns to normal in 15-20 min. At this time, contraction 
of the muscle has just the same effect on its blood flow as before section of 
the nerve (Fig. 7A, B). The femoral artery is then divided and flow is re- 
established by cannulation of the cut ends of the vessel. The muscle is now 
completely isolated from the central nervous system, yet the post-contraction 
hyperaemia is quite unaffected (Fig. 7(). 

The final group of experiments to be described show that, if the post- 
contraction dilatation is due to an axon reflex, this reflex does not utilize 
fibres of the posterior root system, nor does it involve those autonomic fibres 
whose cell stations are in the ganglia of the sympathetic chains. 


32S 


+ 
| 
a 
i 
4 
| 
. 
| 
| 
| 
¢ 


POST-CONTRACTION HYPERAEMIA 239 


) In two cats, the last two lumbar and the first two sacral posterior root 
ganglia were removed aseptically under pentobarbitone anaesthesia. Fifteen 
; days later, an apparently usual post-contraction hyperaemia was obtained on 
stimulation of the tibial nerve (Fig. 8A). 


Fig. 7. Cat, 1-5 kg. Records of venous outflow from gastrocnemius muscle, and of arterial blood 
pressure. Effect of acute denervation on post-contraction hyperaemia. At signals, stimulation 
(10 sec at 40/sec) of tibial nerve. Between A and B, section of tibial nerve. Between B and C, 


Fig. 8. Records of venous outflow from gastrocnemius muscle, and of arterial blood pressure. 
At signals, stimulation (10 sec at 40/sec) of tibial nerve. A: cat, 2-0 kg, 15 days after removal 
of posterior root ganglia, L6-S2. B: cat, 1-5kg, 15 days after bilateral | symp tomy. 
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~ In two cats, bilateral lamber sympathectomy was performed under aseptic 
conditions and, in two other animals, the first two sacral sympathetic ganglia 
were also removed on both sides; 15 days later, tibial nerve stimulation pro- 
duced in every case an apparently normal post-contraction hyperaemia 
(Fig. 8B). 
DISCUSSION : 

The general assumption that reactive hyperaemia in muscle is, at least in part, 
a different phenomenon from the post-contraction effect is supported by the 
present findings. A brief period of occlusion of the arterial inflow to a muscle 
gives rise to a hyperaemia, but this is much more transient than the dilatation 
resulting from a like period of maximal contraction. Folkow (1949) came to 
the conclusion that Bayliss’s original contention (1902) concerning the origin of 
reactive hyperaemia was substantially correct. Bayliss had maintained that 

the smooth muscle of blood vessels possessed a natural tone, as does smooth 
muscle in any other situation, and that, as seen for example in the intestine, 
this tone will be altered in response to changes in the stretching force to which 
the muscle is subjected. Thus; occlusion of the arterial inflow will lead to 
a diminution of the tone of the vessel walls beyond the block and, when flow 
is re-established, an initial hyperaemia will result. 

This conclusion enables us to explain the differential effect observed on 
occlusion of the arterial inflow and of the venous outflow; only occlusion of the 
arterial inflow leads to diminution of the tone of the vessel wall and thus 
produces the hyperaemia observed when the flow is re-established. Occlusion 
of the venous outflow, on the other hand, leads to an increase in the stretching 
force, and subsequently an increase in vascular tone. Hence, the finding that 
venous occlusion is not followed by reactive hyperaemia is in agreement with 
Bayliss’s original contention. 

With regard to the post-contraction hyperaemia, any hypothesis as to the 
mechanism by which it is produced must take account of the observations that 
it is abolished by cocaine, procaine and botulinum toxin without a reduction 
in the response of the muscle vessels to vasodilator substances. These findings 
are most readily explained on the assumption that a nervous mechanism is 
involved in the hyperaemic response. Moreover, the specificity of action of 
botulinum toxin would indicate that cholinergic fibres are participating in this 
response, even though it is not abolished by atropine. It has long been known 
that the cholinergic vasodilator fibres of the chorda tympani to the tongue 
and submaxillary gland are resistant to atropine, and recently Folkow, Haegar 
& Uvniis (1948) have shown that the vasodilator fibres to skeletal muscle in 
the cat, although they are almost certainly cholinergic, are very resistant to 
the action of this drug. 


The possibility that these cholinergic fibres produce the hyperaemia directly, 
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having been stimulated together with the motor fibres in the tibial nerve, can 
be excluded, since stimulation of the nerve after curare did not produce 
7 vasodilatation, whereas direct stimulation of the curarized muscle produced 
a contraction followed by the hyperaemic response. 

This shows that the response is closely associated with the process of con- 
traction and that, if it is produced by a nervous mechanism, the stimulus must 
originate in the contracting muscle itself. Stretch receptors cannot be involved, 
because the hyperaemic response persisted after sensory nerve degeneration. 
( It is most likely that the stimulus is a substance (or substances) produced by 
the contracting muscle. It has always been assumed that vasodilator meta- 
bolites are produced during contraction, but they have been thought to act 
directly on the vessel wall. The results obtained with cocaine, procaine and 
botulinum toxin make this supposition unlikely: this applies particularly to 
AS the experiments with botulinum toxin, because the vessels of the paralysed 
muscle in this case were found to be hypersensitive to the dilator action of 
acetylcholine. 

Whatever the nervous mechanism involved in the post-contraction hyper- 
aemia, the fact that it is still obtained after all nervous connexions between the 
muscle and the central nervous system have been severed shows that it cannot 
+  beatrue central reflex. This conclusion applies to the contractions obtained by 
stimulation of the motor nerve, but it is not denied that vasodilator nerve 
fibres may be stimulated centrally during muscular exercise in the intact 
animal and contribute to the vasodilatation associated with muscular contrac- 
tion under physiological conditions. 

The vasodilator substance (or substances), therefore, seem to produce their 
effect through an axon reflex. It has not yet been possible to establish exactly 
h the fibres concerned in this mechanism. Since the post-contraction hyperaemia 
persists after degeneration of the sensory fibres in the last two lumbar and the 
first two sacral posterior roots, it is unlikely that fibres of the posterior root 
system take part in this axon reflex: if they did, it would have to be assumed 
that sensory fibres from the gastrocnemius muscle enter the central nervous 
system through other roots, higher in the spinal cord. The abolition of the 
?  post-contraction hyperaemia after treatment with botulinum toxin is further 
evidence against the view that the pathway for the reflex is in fibres of the 
posterior root system; for this toxin acts specifically on cholinergic fibres, 
while sensory fibres are not cholinergic. 

There remain, therefore, as the most likely pathway for the axon reflex, the 
post-ganglionic fibres of the sympathetic outflow. Axon reflexes in these fibres 
} have been described in the skin. Wernge (1925) first demonstrated long path- 
way axon reflexes of this type in fish. In man, a short pathway axon reflex, 
a pilomotor response to faradic stimulation, was first described by Lewis & 
Marvin (1927) and, more recently, Coon & Rothman (1940) have pier that 
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acetylcholine, nicotine and other drugs with like pharmacological actions, 
when injected locally in high dilution, activate this axon reflex in both man 
and the cat. In their experiments on human subjects, a sudomotor response 
occurred simultaneously with the contraction of the pilomotor muscles. Wada, 
Arai, Takagaki & Nakagawa (1952) have confirmed the occurrence of this 
sudomotor response and have firmly established that it is the result of an axon 
reflex. The particular significance of these findings for the present study resides 
in the fact that chemical substances readily stimulate the endings of cholinergic 
and adrenergic nerve fibres that are ordinarily regarded as having a purely 
efferent, motor function. These findings in the skin recall the work of Fleisch 
(1935), who found that contraction of skeletal muscle excited an axon reflex, 
producing dilatation of the main artery to the hind-limb and, further, that 
this reflex could be elicited by chemical substances, all of which might be 
produced during muscular activity. The nervous pathway of this axon reflex 
was not ascertained; it is conceivable that the fibres responsible belong to the 
sympathetic system, and that the same mechanism produces not only dilata- 
tion of the femoral artery, but also the dilatation of the vessels within the 
active muscle, 

The conclusion that the axon reflex producing the vasodilatation in the 
muscle is mediated by the sympathetic system has, however, to be reconciled 
with the fact that it was not abolished after chronic lumbosacral sympa- 
thectomy. The intermediate sympathetic ganglia, being situated dorsally in 
the course of the rami communicantes, and in the ventral roots (Wrete, 1935; 
Boyd & Monro, 1949; Randall, Alexander, Hertzman, Cox & Henderson, 1950), 
will survive the operation and may assume in adequate measure the function 
of the neurones that have degenerated. A similar suggestion has been made by 
Krogh, Harrop & Rehberg (1922) to explain local vascular responses in the 
web of the frog’s hind-leg to mechanical and chemical stimuli. They postulated 
the existence, in close association with the blood vessels, of a network of nerve 
fibrils in which conduction can take place in any direction, which does not 
degenerate completely after sympathectomy, and which may regenerate 
independently. The loss of a proportion of the neurones responsible for the 
axon reflex is especially unlikely to manifest itself when measurements of blood 
flow are being made. 

There is also the possibility that ganglion cells occur in the periphery in the 
muscle itself. Most histologists have denied the existence of such cells, but the 
question has been raised again by the recent studies of Meyling (1949) and 
Gairns & Garven (1952). 

There remains the question of the nature of the chemical stimulus for the 
axon reflex. Q, lack can be excluded; for Krogh showed (1919) that the 
tissue QO, pressure does not fall, but in fact rises, in an active muscle. The 
changes in hydrogen-ion concentration that occur physiologically were shown 
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by Fleisch (1921) to be too small to account for the increase in blood flow 
through active tissues, while Krogh (1922) quotes evidence showing that 
a CO, tension which will produce an acidity far higher than that ever occurring 
normally has an insignificant effect on the vessels, especially the arteries, of 
the frog’s tongue. Lactic acid, injected into the muscle arterially, has very 
little vasodilator effect (Keller et al. 1930), and the post-contraction hyperaemia 
is unaffected when lactic acid formation is prevented by iodoacetic acid (Rigler, 
1932). More recently, Gollwitzer-Meier (1950) has shown that the changes in 
pH of the venous blood from a muscle, during and subsequent to activity, 
bear no relationship to the associated hyperaemia. 

It is not likely that histamine plays an important part, because the post- 
contraction hyperaemia was unaffected by mepyramine. The effect of acetyl- 
choline was not reduced by cocaine and was in fact increased after treatment 
with botulinum toxin: nevertheless, acetylcholine cannot be completely 
excluded, for Fleisch (1935) has shown that it is a potent stimulator of the 
axon reflex which dilates the femoral artery. Other substances that have 
already been considered but remain to be critically examined are ATP (Rigler, 
1932; Fleisch & Weger, 19376), and potassium ions (Dawes, 1941): there may 
be some as yet unknown vasodilator substance which excites the axon reflex, 
and it is also possible that the post-contraction hyperaemia is due not to any 
single factor but to several acting synergistically. 


SUMMARY 


1. The mechanism was analysed whereby the post-contraction hyperaemia 
in the gastrocnemius muscle following stimulation of the tibial nerve is 
produced. For this purpose, the outflow from the muscle was recorded 
continuously in heparinized cats, the venous blood being passed through 
a specially constructed drop-chamber and straight back into the animal. 

3. Reactive hyperaemia following occlusion of the muscle artery was so 
short-lived that the post-contraction effect cannot be the result of occlusion of 
the vessels during muscular contraction. No hyperaemia followed short periods 
of venous occlusion. The reactive hyperaemia following arterial injection is 
explained, as suggested by Bayliss, by the loss of tone in the vessels consequent 
on a reduction in the stretching force applied to them. 

3. The post-contraction hyperaemia is not the result of the direct stimula- 
tion of the vasodilator fibres in the tibial nerve; for, in a curarized animal, 
nerve stimulation led to a slight vasoconstriction, whereas direct stimulation 
of the muscle produced a post-contraction hyperaemia. 

4. The post-contraction hyperaemia was not affected by the intravenous 
administration of atropine, phentolamine or mepyramine. 

5. The post-contraction hyperaemia was reduced or abolished ss gm 
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injection into the muscle of cocaine, procaine and botulinum toxin. These | 


injections did not reduce the responsiveness of the vessels to the dilator action 
of acetylcholine; treatment with botulinum toxin actually rendered the vessels 
hypersensitive. This suggests that a nervous mechanism is involved in the post- 
contraction hyperaemia. 

6. Complete severance of all nervous connexions between the muscle and 
the central nervous system did not affect the post-contraction hyperaemia 
which is, therefore, not a true central reflex, but probably an axon reflex. 

7. The post-contraction hyperaemia was not affected by chronic posterior 
root ganglionectomy. 

8. Chronic bilateral lumbosacral sympathectomy had no apparent effect 
on the hyperaemia, but this does not exclude the participation of the sym- 
pathetic system on account of the presence of ‘intermediate’ ganglia. 

9. It is suggested that the post-contraction hyperaemia is mediated as an 
axon reflex by fibres of the sympathetic outflow, probably cholinergic. The 
cell stations of these fibres could be either largely in the ‘intermediate’ 
ganglia, or possibly in the periphery, in the muscle itself. 

10. The chemical stimuli which may initiate the axon reflex are discussed. 


I would like to thank Dr W. Feldberg for his assistance during the preparation of this paper. 
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THE EXCHANGE OF FROG MUSCLE POTASSIUM 


| By E. J. HARRIS* | 
From the Biophysics Department, University College, London 
(Received 10 November 1952) | 


The rate of incorporation of potassium into isolated frog sartorii was measured 
by Harris & Burn (1949). Radio-potassium was employed as tracer. The 
results were scattered, partly because a number of different temperatures were 
used, and partly as a consequence of the net loss of potassium which usually 
took place. The muscles were not in a steady state. By substituting a mixed 
chloride + bicarbonate medium for the chloride solution previously employed 
it has proved possible to keep some muscles for as long as 24 hr at 18° C with- 
out appreciable loss of potassium. Further tracer experiments were therefore 
made under the improved conditions to examine the effect of temperature and 
concentration on the rate of potassium exchange. 

In principle, the potassium turn-over can be observed either by following 
the incorporation of radio-potassium from a solution, or by pre-treating the 
muscle so that it contains some tracer and then following the loss of radio- 
activity to a tracer-free solution. Both methods have been used. The results 
indicate that the properties of the total intracellular potassium cannot be 
derived from the observations of the tracer ions on the assumption that there 
_ is rapid and complete mixing of the tracer ions with the whole of the muscle 
potassium. For example, in an 8 hr experiment less than half of the potassium 
behaved as if it were freely exchangeable. This observation is in qualitative 
agreement with earlier results obtained in isotonic potassium phosphate at 
0° C (Harris, 1952). An explanation would be provided if some of the potas- 
sium is bound to the muscle substance in the form ofa slightly ionized compound. 


METHODS 


Storage. Experiments were made using muscles of Rana temporaria, usually the sartorius, 
semimembranosus and semitendinosus. Muscles were either analysed directly or after 24 hr 
storage in a mixture of the following composition (in m.mole/l.): K 3, Na 126, Ca 2, Mg 1, SO, 1, 
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Cl 97, phosphate 3, bicarbonate 30. In some experiments the sodium salt of a specified acid was 
also added in concentration 5 m.mole/l. Oxygen with 5% CO, was bubbled into the mixture at 
18° C; the pH was 7-2. 

Kinetic experiments. All experiments were made on the sartorii of R. temporaria. These were 
carefully dissected and a fragment of bone was left attached at the pelvic end. The solutions used 
for 2-8 m.equiv/l. K concentrations were made by mixing Na,CO, with the correct proportions of 
HCl and salts to provide K 2-8 m.equiv/l., Cl 94 plus number of m.equiv K, other ions as specified 
above. For experiments at 18° C oxygen with 5% OO, was introduced, for 0° C experiments 1-5 % 
CO, in oxygen was used (pH 7-4). For higher K concentrations the solution employed was made 
up from potassium and sodium phosphates, 0-1 m with respect to phosphate, the proportions of 
mono- and di-basic salts being adjusted to give pH 7. 

The radioactive potassium preparations were made from irradiated K,CO, obtained from 
A.E.R.E. Harwell. For certain experiments possible contamination of the K with Na was reduced 
by precipitation of KCIO,. The perchlorate was converted to chloride by heating. To carry out an 
experiment the muscles were provided with cotton loops at each end so that they could be stretched 


_ between two pegs mounted on a Perspex base. When so held between the pegs they could be slid 


beneath an end-window Geiger tube for assay of their radioactivity. The muscles were exposed 
for a time to a radioactive solution, freely drifting about in the fluid into which the gas mixture 
was bubbled. During this exposure assays of muscle radioactivity were made at intervals. For 
this the muscle was withdrawn and before putting on the frame, washed for either exactly 1 min 
or 15 sec in non-radioactive solution of the same composition and at the same temperature in 
order to remove adhering radioactive fluid. The radioactivity was measured for 2 min and then 
the muscle was returned to the solution. After about 4 hr exposure to the radioactive solution 
the specimen was transferred to a non-radioactive solution, otherwise similar, and loss of radio- 
activity observed. During this phase of the experiment it was not necessary to wash before 
assaying the radioactivity. 

At the end of about 4 hr the specimen was removed, assayed as usual, and then dissolved in 
acid. An aliquot of the muscle solution was counted and its activity compared with that of a known 
dilution of the radioactive soaking solution used during the first phase of the experiment. 

The volume of soaking solution used in all experiments was about 50 ml. This volume contains 
10 or more times (depending upon the K concentration) the total K of the muscle. As exchange 
between muscle and solution was far from complete it would not be too inaccurate to regard the 
specific radioactivity of the solution K as unchanged during the soaking of the muscle, but as 
& precaution the solution was renewed at least once. 

Readings of radioactivity were corrected as necessary for blank, resolution time and decay. 
Potassium analyses were carried out by the cobaltinitrite method; at the levels encountered 
(5-10 wequiv) the standard error of determinations was 0-2 pequiv (i.e. about 3%). 


RESULTS 


Storage trials 
Fenn & Cobb (1934) examined the retention of K by sartorii stored in bicar- 
bonate media. They remark that while the various muscles of a single frog 
differ so much that one does not provide a useful control for the others, the 
individuals of a pair did usually, but not always, have nearly equal K contents. 
A difficulty in assessing the results of storage experiments is the fact that any 
slight damage, bacterial infection, or deficiency of metabolite in the frog (at 
the time of dissection), may lead to loss of K without the reason being obvious. 
Thus it is not particularly useful to obtain averages for the K contents before 
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and after storage, because some storage results have to be rejected for un- 
known causes. It seems most important to show that some muscles can be kept 
for 24 hr at 18° C in the solution without serious loss of K (Table 1). Potential 
metabolites were added to the solution for some of the trials but the scatter of 
the results does not permit any evaluation of their relative merits; they certainly 


Taste 1. Potassium contents of muscles after 24 hr storage at 18° C. 


Solution used K contents, pequiv/g 


(1) Bicarbonate + chloride with 3 m.equiv/l. K 77, 71,9 79, , 82, 93, 93, 103, 111, 118, 81, 
(2) As (1) with addition of 5 m.mole/l. Naketo- 71, 82, 91, 91, 92, 96 


(3) As (1) with addition of 5 m.mole/l. Na 74, 79, 87, 90, 96, 80, 81 

(4) As (1) with addition of 5 m.mole/l. Na 71, 102, 104, 119 

(5) As (1) with addition of 5 m.mole/l. Na $72, 87, 87, 89, 92 
ascorbate 


_ Fresh sartorius muscles taken from the frogs contained 94+ 12 (s.D.) wequiv K/g. 


do not bring about any noticeable improvement in comparison with the bicar- 
bonate solution alone. The only compound tested which had a drastic influence 
was thiolacetic acid (CH,.COSH) which induced rapid K loss. The muscles 
were tested qualitatively for excitability; this was always retained in the 
specimens to which the figures below refer. Some measurements of tetanus 
tension were made by Mr B. C. Abbott before and after storage. After storage 
the figure found was 85-100% of the original value. 


| Uptake and loss of radio-potassium in vitro 
A series of experiments was made in the following way. A muscle was 
exposed for about 4 hr to a solution containing a proportion of radio-potassium 
(denoted *K) so that the degree of replacement of the original K by that 
derived from the solution could be found. A number of readings of activity, 
giving a measure of the K exchanged, were made during the period. The 
specimen was then put into a solution identical chemically, and at the same 
temperature, but free from radioactive tracer. The loss of radioactivity from 
the muscle was observed for a further period of about 4 hr. Fig. 1 illustrates 
some runs. Uptake is rapid for about 20 min and then either becomes nearly 
linear, or has throughout a diminishing rate. Empirically it is possible to fit 

the uptake curves by means of the equation 
*K =A (1—exp (—at)) +B (1—exp (—W)). 


The time course of the loss of radioactivity after transfer to an inactive solution 
at time ¢, should be given by 


*K=A (1-exp[— —at}) + B (1—exp [ —bt]) —A (1—exp [—a (¢—4)]) 
—B(1—exp [—6 (¢—2,))), 
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according to the superposition theorem, which will hold provided a steady 
state pertains. I am indebted to Mr A. F. Huxley for pointing out to me this 
relation between the two phases. In nearly all runs a good fit of the complete 
curve can be obtained by use of the equations, and it was only in those cases 
in which there was reason to suspect K loss during the experiment that a given 
set of constants could not be found to describe the whole curve. 


ost 

044+ 

§ 

Time (hr) 


Fig. 1. The time course of the uptake of labelled K from solutions of stated K concentration at 
different temperatures (rising phase), and (falling phase) the loss of the labelled K to solutions 
of the same composition and temperature but having ordinary K instead of labelled K. 
Before each assay of radioactivity during the rising phase the muscles were given a 15 sec 
wash. A,8 m.equiv K/1. 18°C; B, 8 m.equiv/1. 0° C; C, 2 m.equiv/l. 18° C; D, 2 m.equiv/l. 0° C. 


The constants can be evaluated from the experimental curves. A proves to 
be 1-5 % of the total muscle K; it is 2-3 times the calculated extracellular K. 
In K concentrations of 2-8 m.equiv/l. the value of a is about 3 hr-, insufficient 
observations being available to permit accurate evaluation. It is possible that 
a is higher (corresponding to more rapid equilibration) in the stronger K 
solutions. The quantity B represents a part of the muscle K which exchanges 
comparatively slowly, the rate constant being 0-06-0-4 hr-’. The peculiar 
feature is that in media having low K concentration B is much less than the 
total K content of the muscle. It is as if a considerable part of the muscle K 
does not mix with the parts A and B undergoing exchange. Tables 2 and 3 
summarize the results of a number of experiments. It appears that increase 
of temperature may cause either B or b to rise. Increase of external K increases 
the rate of replacement, both B and 6 being influenced. Some calculations 
were made to see how well the curves could be fitted by various pairs of values 
of b and B. It proved possible to obtain as good a fit over a range of B covered 
by the factor 1-15, provided 6 was shifted at the same time in the other direc- 
tion so that the product was nearly constant. That is to say, any value given 
for b or B might be 15% too high or too low. 
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The net rate of uptake of labelled material during the first phase of the 
experiments has also been included in Tables 2 and 3. The interval between 
20 min and 1 hr 20 min was chosen for measurement of this figure because 
after 20 min the initial rapid turn-over is nearly complete. These rates, and 
particularly the effect of temperature upon them, are more consistent than the 


separate values of 6 and B. 


TaBez 2. Rates of incorporation of K as measured by the gain 


in the 
to pair m 
Final 
Muscle K conten 
Ext. K mass (mg) (pequiv/g) 
concn. Ref.to —— 
(m.equiv/l.) Fig. 
2 6 67 9 82 
2 4108 88 
4 2B,24 60 61 10 
4 45 47 
4 — 129 117 8 9% 
8 1B,1A4 32 3 8 # £82 
8 56 48 #4112 
8 1 72 0 
8 64 108 ~ 
18 110 
37 — 6 68 8 #£«82 


TaBLE 3. Rates of incorporation of K as measured 


equation, given in the text, for loss of *K to an 
one being soaked at 0° C and the other at 18° C 


=A (1- + — bt)), and 


Fraction of K Value (as % of 

replaced in Ratio total K) of 

1 hr interval A A B b (hr) 

0° 18° is 18° 
0016 0040 25 151 22 48 O06 0-095 
0013 0024 10 #1 16562 338 008 
0013 0044 34 1 1 417 4 O08 0612 
0-041 0-080 22 1 41561 71 =+%OF06 0-145 
0042 0075 418 1 1 O18 O16 
0-021 0062 25 141 4 4 0045 013 
0-085 O156 18 3 3 G1 62 O14 0-39 
0035 0-10 19 3 3 36 SS O1L O19 
0-067 014 21 3 3 48 61 O17 024 
0-062 0-15 24 15 26 67 89 0-086 0-186 
0-063 0-11 18 1 3 38 8 O19 0616 
0-059 16 1 1 36 56 O16 O18 
0048 0115 24 153 4 4 O12 0-43 
0-10 0-20 20 56 4 4 96 O23 0-2 


or uptake 


and values of the parameters in the equation : *K =A (1 —exp ( - 3é)) + B (1 —exp ( - dt), and 
in the equation, given in the text, for loss of *K to an unlabelled solution. Results for pair 
muscles in dissimilar solutions at equal temperatures 
Final _—_Fraction of K Value (as % total K) of 
Muscle content _replacedinl hr Ratio _ A 
mass (mg) (equiv/g) interval A B 
v r 
(mequivjl.)... 2 4 2 4 2 
Temp: 
oc 47 50 79 79 0-016 0-041 2-5 ore 25 45 
18°C 44 44 89 100 0-049 0-091 185 1 15 42 62 014 0617 
Stretch 


Feng (1932) showed that the resting metabolism of muscle is increased by 
application of tension. It was thought that this might be reflected in an 
increased rate of K turn-over. During four runs, made otherwise as before, 
the muscles were tied between two hooks during an interval so that their 
lengths were increased by about 10%. Fig. 2 illustrates two such runs: no 
perceptible increase of the rate of K turn-over was induced. 
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Soaking-in 


w 


" Fraction of total K replaced by labelled K 


0 
(hr) 


Fig. 2. Uptake and loss of radioactivity by muscles which were stretched between the times 
indicated. Stretch seems to be without influence. The solution had 4 m.equiv K/I. 


2 3 4 5. 


DISCUSSION 


The storage experiments were carried out primarily to find a solution which 
could be used for the exchange experiments without there being a simultaneous 
net loss of K. Since muscles stored in chloride media for 24 hr at 18° C were 
found to lose 20% or more of their K (Harris & Burn, unpublished results) it 
seems that the bicarbonate medium is superior. Creese (1952) has reported 
that bicarbonate ion favours the retention of K by rat muscle, in which tissue 
the same author found all the K to be exchangeable (1951). 

The high K content of the fresh muscles is worthy of remark. 90 pequiv/g 
corresponds to an internal concentration of about 140 pequiv/g water, which 
is higher than the commonly accepted figure (approx. 120 wequiv/g water), 
taking the fibre water as 64% of the muscle weight. 

The results of the tracer experiments indicate that in the physiological range 
of K concentrations not all of the muscle K is freely exchanged in vitro. The 


fast process, involving a few per cent of the total K, may well be explained on 


the basis of the diffusion of K into some damaged fibres; the equilibration of 
the extracellular space alone would not suffice to account for the quantity of 
K involved. The rate of the slower exchange, involving a fair proportion of the 
muscle K, as shown in Table 2, can be expressed in terms of the fraction of the © 
total K replaced per hour. In a solution containing 2 m.equiv/l. about 1-5% 
at 0° C, and 4% at 18° C is so replaced; the proportions increase as external K 
is raised, and in the 37 m.equiv/l. solution the respective figures are 10 and 
20%, When, however, not all the K is taking part in the turn-over the content 
of labelled material which can be introduced approaches an asymptote lower 
than the total K content found by analysis. 


¢ Soaking-out 
A | 
Se, 
Sy 
20 min 
), and > © B 

1) 
—, 1 2 3 4 
18° Tim 
0-005 
0-12 
0-145 
0-16 
0-13 
0-39 
0-19 
Om | 
0-186 
0-16 
0-18 
0-43 
0-24 
20 min 
)), and 
or pair 
h 
4 } 
0-095 
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If only uptake experiments had been made, instead of following both uptake 
and loss of the labelled material, it would have been much more difficult to 
detect the failure of some of K to participate in the turn-over; this would only 
be shown by a curvature of the plot of labelled K content versus time towards 
an asymptote lower than the total K content. When, however, the loss of the 
labelled material is observed it proves that, if the measured rate constant 
applies to all the K, a considerable unbalance between influx and efflux must 
exist. This would be sufficient to cause, for example, the loss of as much as 
half the total K in an experiment lasting 8 hr. As the final analyses show that 
any loss must have been much less than this it is clear that it is incorrect to 
assume that all the K is equally readily exchangeable under the conditions 
used. That is, the rate constant found for tracer movement must not be applied 
to the whole of the K. 

The conclusion that the K does not reach full exchange in the saline solution 
is supported by the results of experiments in which the muscles were exposed 
for longer times to the radioactive saline. For example, after both 16 and 18 hr 
at 18° C in saline having 4 m.equiv/l. K, the exchange attained was 50% in 
each of two muscles and no further increase of radioactivity was taking place. 
One muscle was used for K analysis and the other was treated for a further 
1-7 hr with radioactive potassium phosphate solution of specific activity equal 
to that of the K in the saline mixture. The extracellular phosphate was next 
removed by returning the muscle to radioactive saline for 1 hr and the radio- 
activity and K content were returned. The degree of exchange was now 74%, 
and the K content, 99 pequiv/g, was equal to that of the other muscle. That 
is to say, the treatment in potassium phosphate has considerably increased the 
degree of exchange without increasing the K content of the muscle. The 
increase brought about corresponds fairly well to the amount expected on the 
basis of the measurements of rate of exchange in potassium phosphate solution 
made previously (Harris, 1952). 

It may be difficult to accept the conclusion that in media having low K 
concentrations only 40% at 18° C of the muscle K is freely exchangeable, and 
even less at 0° C. A physical explanation, based on the very slow diffusion of 
some of the K, has to be kept in mind, but no support is given to this by the 
fact that the smaller muscles do not behave differently from the larger ones. 
In Table 2, the‘muscle masses differ by a factor of up to 4. A comparison made 
by Abbott (1952) showed that the rate of exchange of the K of the toe muscle 
(weighing only about 3 mg) does not greatly differ from the rate found to apply 
to the sartorius muscle of the same frog. Thus mere bulk of the muscle up to 
the size of the sartorius does not appear seriously to hinder K movements. 

Returning to the possibility of chemical combination, it is to be noted that 
(a) it is reported that the resting potential does not continue to rise as external 
K is reduced as much as would be expected, and the magnitude of the resting 


4 
‘ 
7 
A 


EXCHANGE OF MUSCLE POTASSIUM 253 


potential in solutions having low K concentration only corresponds to an 
inside/outside concentration ratio of about half that found by analysis, and 
(b) the temperature coefficient of the resting potential is higher than it would 
be if the concentration ratio were unaffected by temperature. There are, of 
course, alternative explanations of these facts, but it does appear that there 
is good reason to suspect formation of an un-ionized K compound. 


SUMMARY 


1. The rates of uptake and loss of tracer-labelled potassium by isolated frog 
sartorii have been measured under various conditions. 

2. Storage experiments were made to show that use of a mixed chloride- 
bicarbonate medium permits isolated muscle to be kept for 24 hr without 
serious loss of potassium. 

3. The kinetics of uptake and loss of tracer potassium can be described in 
terms of two first-order processes. One has a time constant of about 20 min 
and involves 1-5 % of the total potassium, and the other has a time constant 
of 2-16 hr and involves 20-100% of the total potassium. In all except one 
experiment a part of the potassium did not appear to undergo exchange. 

4. Increasing temperature from 0 to 18° C in some cases increased the rate 
constant of the turnover of the slower fraction and in other cases it increased 
the proportion of potassium participating in the turnover. 

5. Increasing the external potassium concentration tends to increase the 

proportion of exchangeable potassium at 18° C. 

6. Attention is drawn to an error which can arise if tracer observations 

without regard to analyses are used to determine the efflux. 


My thanks are due to Dr P. C. Caldwell for permission to use some results of storage experiments, 
and to Mr B. C. Abbott for help with some of the kinetic experiments. Part of the expenses of the 
work was met by the Government Grants Fund of the Royal Society. 
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- VASODILATOR ACTIVITY IN EXTRACTS OF VARIOUS 
REGIONS OF THE CENTRAL NERVOUS SYSTEM 


By G. W. HARRIS anp PAMELA HOLTON* 
From the Physiological Laboratory, University of Cambridge 
(Received 7 November 1952) 


Hellauer & Umrath (1947, 1948) detected an unknown vasodilator substance 
in dorsal roots, and claimed that it was the transmitter released at sensory 
nerve endings. The vasodilator activity of dorsal root extracts was confirmed 
by Holton & Holton (1952a), who also found that freshly prepared ventral 
root extracts had similar vasodilator activity. After incubation of the fresh 
tissue, the activity disappeared from ventral root extracts but was retained in 
dorsal root extracts. It cannot yet be decided whether this unidentified 
vasodilator substance is the chemical transmitter at sensory nerve endings, 
but its concentration in incubated dorsal and ventral roots is inversely related 
to their content of acetylcholine and choline acetylase. Ventral roots contain 
much acetylcholine (MacIntosh, 1941) and synthesize it rapidly (Feldberg, 
1943; Feldberg & Vogt, 1948), whereas dorsal roots, which after incubation 
contain much more of the unknown vasodilator substance than ventral roots, 
contain and synthesize little acetylcholine. We have now made a preliminary 
investigation of the vasodilator activity in incubated extracts of different 
regions of the central nervous system in order to see if the distribution of such 
activity could be related, in any way, to the distribution of cholinergic and 
non-cholinergic tracts found by Feldberg & Vogt (1948) and Feldberg, Harris 
& Lin (1951). 
METHODS 

The extracts were prepared by grinding weighed portions of fresh horse brain with 9 times the 
weight of saline (0-9 % (w/v) NaCl in distilled water) and incubating at 38° C for 30-60 min. This 
treatment distinguishes between the vasodilator activity of dorsal and ventral roots since it causes 


loss of 90% of the activity in ventral roots. After incubation, the extracts were heated at 100° C 
for 5 min, centrifuged and the supernatants stored at ~- 15°C until assayed. The vasodilator 
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potency was determined by arterial injection of the extracts into the rabbit's ear which was 
arranged for recording vasodilatation by a photocell method (Holton & Perry, 1951). The rabbit 
the vessels insensitive to acetylcholine and histamine. 


RESULTS AND DISCUSSION 
The vasodilator activity of the extracts varied greatly with the region of the 


central nervous system from which they were prepared. The results are shown 
in Table 1. Extract of caudate nucleus was taken as the standard for each 


t regions of the horse brain 
Expt. no. 
1 2 3 4 5 
nucleus 100 100 100 
N. cuneatus | — 400 
N. gracilis — — 
idal tract z2— oa 4 — 
Optic tract i — — 
3 
Fim — 4 — 
Thalamus 5 5 — 
ternal capsule, posterior 4 
Anterior pituitary — <2 _ _ — 
ian eminence ofthetubercinereum -— — Constrictor 20* — 
Standard 40 100 80 20 «100 


* After treatment which inactivated the posterior pituitary principle (van Dyke, Chow, Greep 
& Rothen, 1942). 
brain, and the activity of the other samples was found by matching each with 
a dilution of the standard. The activity is therefore expressed as a percentage 
of that in the caudate nucleus. In addition, the caudate nucleus extract was 
assayed against a standard acetone-dried preparation of dorsal roots. The 
different values obtained for the caudate nucleus by this latter procedure 
indicate that the absolute activity varied from brain to brain. Within each 
brain, however, there seemed to be a definite pattern of vasodilator activity, 
the most active regions being the nucleus cuneatus and caudate nucleus. 

At present, it is difficult to relate these results to the distribution of cholinergic 
neurones described by Feldberg and his colleagues (Feldberg & Vogt, 1948; 
Feldberg et al. 1951) or to differences in function of the regions of the central 
nervous system. It is, however, unlikely that all the vasodilator activity in 
any one extract is due to a single chemical substance. Our method would not 
discriminate between vasodilator substances, other than acetylcholine and 
histamine, which might be present in nervous tissue. Substance P (Euler & 
Gaddum, 1931), the vasodilator factor of Major, Nanninga & Weber (1932), 
and adenosine are present in brain and would be expected to occur in some if 
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not all of our extracts. The unidentified vasodilator substance in spinal roots 
is different from these and from other known vasodilators (Holton & Holton, 
19526), but, in these preliminary experiments on the central nervous system 
we have made no attempt to determine how much of the activity of our 
samples is due to this substance. Methods need to be developed to facilitate 
isolation of this substance before its distribution can be studied easily. Never- 
theless, our results show that there is no clear relationship, either inverse or 
direct, between the vasodilator activity of incubated extracts from different 
regions of the central nervous system and the distribution of cholinergic 
neurones. 
| SUMMARY 

Saline extracts prepared from different regions of the central nervous system 
of the horse were incubated and assayed for vasodilator activity. The activity, 
which did not include that due to acetylcholine or histamine, varied between 
different regions and was highest in the nucleus cuneatus and caudate nucleus. 
The meaning of these results is unknown. 


The expenses of this work were met by a grant from the Medical Research Council. 
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VELOCITY CHANGES IN THE CAROTID AND FEMORAL 
ARTERIES OF DOGS DURING THE CARDIAC CYCLE 


By T. G. RICHARDS T. D. WILLIAMS 


ERRATUM 
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the outer surface of the artery. 


1) the internal diameter of he Yond ve is equivalent tothe length oft 

conductor, In order to measure the velocity of the blood, the diameter of the artery and the field 
strength of the magnet must remain constant. This is achieved by placing a Perspex cuff around 
the artery, so that it retains its diastolic diameter, and by using a permanent magnet of high flux 
density. The induced e.m.f. is then directly proportional to the velocity of blood flow within the 
vessel (eqn. 1). In these conditions the diameter of the blood vessel remains constant, so that the 
volume flowing in unit time is proportional to the velocity and, provided the response curve of the 
| instrument is linear, is proportional also to the area enclosed between the recorded velocity curve 
and the base-line. 


Apparatus 
The essential parts of the electromagnetic flowmeter consist of an arterial cuff, a magnet, non- 
polarizable electrodes, and a suitable electrical recording system. 
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VELOCITY CHANGES IN THE CAROTID AND FEMORAL 
ARTERIES OF DOGS DURING THE CARDIAC CYCLE 


By T. G. RICHARDS anp T. D. WILLIAMS 


From the Physiological Laboratory, Department of Physiology and Histology, 
University of Liverpool 


(Received 9 November 1951) 


A difference of opinion exists concerning the form of the phasic flow pattern 
in peripheral arteries. In particular there is some uncertainty as regards 
the importance and frequency of occurrence of ‘negative’ (i.e. back) flow in 
certain of these vessels. In the experiments to be described, phasic flow has 
been recorded by an electromagnetic method, not only in order to examine 
the phasic flow in unopened vessels recorded by this method, but also to test 
some of the possible errors which it has been suggested may be involved 
(Shipley, Gregg & Schroeder, 1943). 


METHOD 


The principle of electromagnetic induction was first applied to the measurement of instantaneous 
blood flow by Wetterer (1938) and independently by Katz & Kolin (1938). The electromagnetic 
induction of an e.m.f. depends upon the fact that when a conductor of length ! cm moves with 
a velocity of v cm/sec through a magnetic field of H gauss, an e.m.f. of ¢ volte is induced, such that 


e= 10°. (1) 


Wetterer (1937) and Katz & Kolin (1938) have shown that the blood in an artery may be con- 
sidered as the moving conductor in these circumstances, and that the induced e.m.f. is conducted 
to the outer surface of the artery. 

In such a case the internal diameter of the blood vessel is equivalent to the length of the 
conductor. In order to measure the velocity of the blood, the diameter of the artery and the field 
strength of the magnet must remain constant. This is achieved by placing a Perspex cuff around 
the artery, so that it retains its diastolic diameter, and by using a permanent magnet of high flux 
density. The induced e.m.f. is then directly proportional to the velocity of blood flow within the 
vessel (eqn. 1), In these conditions the diameter of the blood vessel remains constant, so that the 
volume flowing in unit time is proportional to the velocity and, provided the response curve of the 
instrument is linear, is proportional also to the area enclosed between the recorded velocity curve 
and the base-line. 


Apparatus 
The essential parts of the electromagnetic flowmeter consist of an arterial cuff, a magnet, non- 
polarizable electrodes, and a suitable electrical recording system. 
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The arterial cuff (Fig. 1b) is made of Perspex, and is in two parte. When assembled it encloses 
the artery, and fixes the position of the magnet in such a way that the magnetic field, the direction 
of blood flow, and the axis across which the potential difference is measured, are at right angles to 
each other. 

To accommodate arteries of different sizes a set of cuffs was made with arterial channels of 
graduated size, each differing by 0-25 mm in diameter. The permanent magnet used is shown in 
Fig. le and was made of Aloomax III (Messrs Jessop, Sheffield) with mild steel pole-pieces having 
a 5 mm gap. The field across the gap was 1950 G. In use the magnet is covered by a thin rubber 
finger stall and thus insulated. 


Fig. 1. (a) non-polarizable calomel electrode; (6) upper and lower halves 
of artery cuff; (c) magnet; scale: 10 mm. 


Calomel half-cells have been found to be the most satisfactory electrodes. They were constructed 
so as to minimize the overall size (Fig. 1a). In use the electrodes were inserted into retaining holes 
in the Perspex cuff, and contact with the vessel wall was made in the correct plane by holes drilled 
in the cuff and filled with agar-saline gel (2% agar in 0-9% (w/v) NaCl). 

This construction ensured that mechanical displacement of the components relative to each other 
did not take place, and that drying of the gel and artery wall was minimal. The electrodes were 
connected to a conventional push-pull direct-coupled amplifier, having a maximum voltage gain 
of 1-5 x 10°, and a frequency response which was linear up to 1000 o/s. The amplified e.m.f. was 
displayed on a cathode-ray oscilloscope, and records were made using a moving film camera. The 
frequency response of the amplifier was linear up to 1 ko/s, and Fig. 2 shows that the amplifier- 
electrode system responded to rapid changes in velocity. When measured, the uprising slope of 
these waves corresponded to a frequency of 180 o/s. 

Whether damping was introduced by the recording unit or not was determined by the applica- 
tion of a second cuff 0-25 mm smaller in diameter, either above or below that from which recordings 
were made. Fig. 3 shows records taken with and without a second cuff. There is no significant 
difference between volume, or wave-form, in either case. 
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RESULTS 
Calibration 
The interpretation of the recorded velocity trace depends upon the satisfactory 
calibration of the instrument. In the conditions of the experiments the 
calibration curves should be linear, and should pass through the origin; known 


Fig. 2. (e), (0) saline inflow intrs-arterially injected. The volume in cach cese is the same but 
pressure is different, consequently velocity of inflow differs in each instance. 


(b) 
200 
E 100 


Fig. 3. (a) normal trace of carotid flow; (6) trace from same, the artery as in (a) but with addition 
of cuff 0-25 mm smaller than recording cuff. 


volumes injected through the unit should give good agreement with recorded 
areas, which should be independent of the velocity of inflow. The e.m.f. 
induced by equal velocities, either forward or backward, should be equal in 
quantity but of opposite polarity. ; 
The above considerations were examined separately in relation to the carotid 
and femoral arteries of dogs. Ten dogs were used,. with weights between 9 and 
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15 kg, anaesthetized with sodium pentobarbitone (32 mg/kg) administered 
intravenously. A suitable cuff was applied to the artery, and blood velocities 
were recorded at a convenient amplification, which was then kept constant 
throughout the experiment. The artery was cannulated as near as possible to 
the distal end of the cuff, a burette was connected to the cannula, and both 
were filled with 0-9% saline. Air pressure was applied to the upper surface 
of the saline in the burette, and on opening the burette tap measurable 
volumes of saline flowed into the vessel, at a velocity which depended upon 
the difference between the pressure in the artery and burette. Fig. 2 shows 


500 -- / 


Saline injected (ml.) 


Fig. 4. Four calibration graphs in which volumes of flow are plotted against the area enclosed 
between the velocity traces due to flow and the base line. A, dog 8, femoral artery, retrograde 
saline; O, dog 8, carotid artery, retrograde saline; ©, dog 6, carotid artery, retrograde 
saline; [), dog 10, femoral artery, efflux of blood. 


typical records obtained in this way. To measure the area of the curves, 
tracings from the photographic records were made on millimetre-squared 
paper. Retrograde flow of saline was chosen for calibration because it prevents 
the collapse of the vessel between recordings, and the subsequent inevitable 
violent distension which would have introduced an artifact due to potentials 
caused by movement. It will be seen that the curve recorded is not flat- 
topped, but shows velocity variations due to the intravascular pressure 
changes during the pulse cycle, as a consequence of which the difference in 
pressure between the burette and the vessel varied. 

This procedure was carried out on seven dogs and typical results obtained 
are shown graphically in Fig. 4. It may be seen from these results that the 
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correspondence of area to injected volume is good, and that the curves pass 
through the origin. 

During the pulse cycle the velocity of blood flow varies considerably ; hence 
it is important to consider whether variations in velocity affect the calibration 
of the instrument. Using the experimental arrangement described above, 
saline was injected into the artery at a number of different pressures, thus 
altering the inflow velocities. Fig. 2 shows a recording made when the same 
volume of saline was infused at two different velocities. It was found that the 
areas/ml. enclosed by the curves were identical. 


Fig. 5. A calibration curve in which the efflux of measured volumes of blood is plotted against the 
area enclosed by the corresponding velocity trace and the base-line, and a retrograde saline 
calibration immediately following this in the same animal. The signs + and - indicate 
reversal of flow in the two parts of the graph. 


There remained two possible sources of error in calibration; that a calibra- 
tion made with saline would not be applicable to blood, and that the direction 
of calibrated inflow was retrograde. To estimate the significance of both these 
factors, experiments were performed in which measured amounts of blood 
were allowed to escape through a needle-valve which was tied into the artery 
distal to the cuff. The rate at which blood escaped did not alter the intra- 
arterial pressure. Immediately following this procedure saline solution was 
perfused through the needle valve, and a retrograde calibration made in the 
usual manner. Fig. 5 shows the results of such an experiment. Both groups 
of points lie on a straight line passing through the origin, but with a reversal 
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of polarity as a consequence of flow reversal. In saline calibration, velocities 
of saline flow were used which covered the range of velocities found in the 
intact artery. It was concluded that the method was valid for measurement 
of blood flow at the velocities and pressures encountered 2 soeeaneeeg 
whether flow be towards the periphery or not. 


Carotid artery: normal flow 
Fig. 6 le typical blood velocity curves for the intact carotid and femoral 
arteries in a dog. A level for zero flow was recorded during a brief closure of 


the vessel by means of a narrow clip, immediately distal to the cuff. A con- 
tinuous base-line was drawn through successive points. | 


Fig. 6. (a) normal carotid velocity trace; (b) normal femoral velocity trace. 


The pattern of the curve shows little variation in different dogs. There is 
a very rapid increase in velocity during the first part of the velocity cycle and 
a more gradual decline after the peak has been passed. At the maximum 
velocity there was frequently a very brief period during which the velocity 
remained almost constant, subsequently falling rapidly to a plateau showing 
small variations in velocity; but, in general, the velocity decreased over this 
diastolic period until the next systole commenced. In none of the traces in 
this series of experiments was there any indication of ‘negative’ velocity, 
i.e. back-flow. 

Table 1 shows seven values of the maximum, minimum and mean carotid 
flows in four dogs. These values were determined by reference to calibration 
curves using retrograde inflow of saline, as has already been described. 


Femoral artery: normal flow 
A typical record of femoral arterial blood velocity curve as shown in Fig. 65 
differs from the carotid artery curve, in that the drop in velocity from the 
systolic peak is steeper, and is continued until a velocity is reached which is 
equal to, or less than, the velocity at the beginning of systole. Following this 
there are velocity variations of comparatively small size until the commence- 
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ment of the next systolic increase in velocity. No back-flow was observed in 
any of these experiments on the femoral artery. Table 1 shows the minute 
volume of flow in the femoral artery determined by the above method of 
calibration. 


Taste 1. 


Expt. volume flow 4Heartrate Experimenta 
no. Dog Artery (mil./min) (ml/min) (ml.) (ml./min) (beats/min) conditions 
1 4 Carotid 382 200 15 270 180 Normal 
Carotid 262 164 Normal 
Carotid - 52 258 Adrenaline, 180 
4 Carotid 227 ~ 87 0-22 51 230 Adrenaline, 180 fe 
5 Carotid 230 36 0-35 79 225 Acetylcholine, 20 png 
6 6 Carotid 200 100 13 140 108 Normal 
7 Carotid 200 100 13 140 108 Normal 
Carotid 192 1-2 131 109 Normal 
a) 8 Carotid 404 98 1-15 214 186 Normal 
10 Carotid 515 —74 164 Adrenaline, 100 ng 
il 9 Carotid lll 41 0-5 66 133 Normal 
12 7 Femoral 452 94 1-5 180 120 Normal 
13 Femoral 440 98 1-4 170 120 Normal 
14 Femoral 350 ~140 0-21 35 140 ~=6Adrenaline, 140 ps 
15 Femoral 510 75 140 128 Acetylcholine, 15 ug 
16 8 Femoral 415 68 13 195 156 Normal 
17 Femoral 198 -61 0-4 58 144 After moderate con- 
striction with 
ture. See Fig. 8a 
18 8 Femoral 151 - 67 0-1 15 144 After severe recon- 
| ture. See Fig. 8d 
The effect of drugs 


Adrenaline. Fig. 7a shows the appearance of the blood velocity wave in the 
carotid artery after the intravenous administration of adrenaline. The traces 
differ from the normal pattern since there is a phase in each cycle when back- 
flow is present. The volume of back-flow depended upon the adrenaline dosage 
(a maximum of 250 wg was given), but was at all times unequivocal. Peak 
velocity was equal to, and sometimes greater than, normal (Table 1), but 
velocity at the end of diastole was usually very nearly zero. The peak ‘negative’ 
flow was usually between 100 and 200 ml./min and the mean flow in these 
circumstances was also reduced (Table 1). 

Acetylcholine. Fig. 76 shows a trace of carotid artery blood flow after the 
intravenous administration of 15 ug acetylcholine. This differed again both 
from the normal traces and those following adrenaline administration. The 
onset of the systolic wave was clearly divided into two parts, the first having 
a steeper gradient than the second. The descending portion of the velocity 
wave was of uniform gradient and was not as steep as the onset wave. The 
diastolic interval was taken up by a low amplitude positive wave of smooth 
contour, and there was often a low velocity plateau immediately preceding the 
onset of the following systolic rise. The peak velocities were 400-500 ml. /min. 
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The diastolic and the mean flows were intermediate in value between the 
normal and those found after adrenaline administration. Negative flow was 
not characteristically seen, and when it occurred was small (Table 1). 


Fig. 7. (a) velocity trace from carotid after 200 yg of adrenaline; (b) trace from same artery as (a) 
after 20 ug of acetylcholine. 


-150 


flow peripheral to the cuff). In this experiment normal femoral flow was 195 ml./min; 
after 100 ug of adrenaline, 87 ml./min. In (a) above, flow is 58 ml./min and in (6) 15 ml./min. 


Mechanical interference with blood flow 
Fig. 8 shows the changes in the record which followed the partial obstruction 
of blood flow in the femoral artery, by the application of a fine thread ligature 
distal to the cuff. Mean flow was at once much reduced, and in general the 
traces resembled those which followed the administration of adrenaline, 
back-flow being a marked feature of the records. 


DISCUSSION 


The results here presented for normal carotid and femoral blood flow agree 
with those obtained by Katz & Kolin (1938) using an electromagnetic flow- 
meter. Wetterer (1937) has also investigated blood velocity in the ascending 
aorta of dogs, cats, rabbits and monkeys using a similar method but gives no 
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data for peripheral arteries. Although the frequency response of their apparatus 
was limited to below 50 c/s the minute flow volumes published by Katz & Kolin 
(1938) are in good agreement with the present results (Table 1), and the general 
outline of their traces is similar. 

Shipley e¢ al. (1948) measured flow velocities in the carotid and femoral 
arteries of dogs with an orifice-meter and claimed to demonstrate ‘negative’ 
flow in normal circumstances. They suggested that Katz & Kolin had not 
been able to show the back-flow component because the electromagnetic 
flowmeter introduced mechanical damping and removed velocity variations 
of high frequency or lagged in the detection of changes in e.m.f. caused by 
variation in velocity. 

In control experiments we have found no evidence that the calculated 
velocity was affected by placing a slightly smaller cuff either above, or below, 
the recording cuff. Only when a much greater constriction was applied, as 
when the artery was partially ligated, were marked alterations in flow and 
pattern observed. 

It has already been said that the frequency response of the amplifier used is 
linear up to 1 ke/s and it seemed unlikely that harmonics above this frequency 
are of importance, the highest frequencies in the pressure wave being 
100 c/s (Wiggers, 1928). However, the characteristics of the electrode as- 
sembly might have been responsible for a falling off in response at higher 
frequencies, but no evidence of this was found. For example, in the calibration 
experiments the retrograde injection of saline produced a change in flow 
velocity which was approximately in the form of a square wave (Fig. 2). 

It seems that the minute volume flows in the carotid artery are higher when 
recorded by the electromagnetic flowmeter, as in the present experiments and 
in those of Katz & Kolin (1938), than when the orifice-meter is used (Shipley 
et al. 1943). The difference in flow volume recorded by the electromagnetic 
flowmeter and the orifice-meter are due to the lower diastolic and systolic 
velocities and to the back-flow recorded by the latter method, when applied 
to normal flow. It seems possible that an orifice-meter may introduce a signifi- 
cant resistance to blood flow in an artery, which would explain the reduced 
overall velocity in recorded traces. Shipley ¢¢ al. used an adjustable type of 
orifice-meter, in which the orifice size was altered until ‘the constriction 
necessary for desired sensitivity was obtained’. This would seem to be a 
subjective estimate, and it may be that different settings of the orifice might 
give different results; but there are no traces or figures of blood velocity in 
conditions in which only the size of the orifice was altered. As has been seen 
above (Fig. 8a, b), the application of a constriction, such as partial ligation, to 
the vessel can cause a considerable difference in both flow-rate and pattern. 
It is considered that the use of an orifice-meter may produce effects similar to 
those caused by partial constriction of the vessel with a ligature. 
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Mean flow per minute in the femoral artery has been found to be less than 
that in the carotid artery, although it is usual to find that maximum or peak 
flow in the femoral artery is higher than that in the carotid, while the minimum 
flow is less. 

Back-flow has not been observed as a feature of the normal flow in either 
the carotid or femoral artery, but, on the contrary, has been constantly 
associated with an increase in the peripheral resistance of the vascular bed 
supplied by these vessels, as in the experiments in which adrenaline was ad- 
in some measure. 


SUMMARY 

1. The measurement of blood velocity in unopened arteries with an electro- 
magnetic flow-recorder is described. 

2. The method has been found to be reliable; the response curve is linear, 
and the ‘total’ instrument, i.e. the electrode assembly plus the amplifier, will 
respond to a frequency of at least 180 c/s. 

3. No evidence has been found that the cuff applied to the artery introduces 
significant artifacts into records of intra-arterial blood velocity changes. 

4. Records are presented of normal carotid and femoral artery blood 
velocity changes. A notable feature of these traces is the absence of back-flow 
during the cardiac cycle. 

5. Evidence is presented to show that moderate increase in peripheral 
resistance causes the appearance of back-flow in the intra-arterial velocity 
patterns; the significance of this is discussed. 

6. The administration of adrenaline brings about a reduction in minute 
volume flow in both the carotid and femoral arteries, and the phasic flow 
records show unequivocal evidence of negative flow. 

We wish to thank Mr D. L. Mawson of Messrs Wm. Jessop and Sons, Ltd. of Sheffield, and 
Mr A. J, Tyrrell, of Messrs Mullard Electronic Products, Ltd., for the magnets used in this work, 
and also Messrs J. McCarthy and W. E. Blocksidge of this Department for their assistance in 
the construction of the apparatus. 
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GLYCOLYSIS AND CYTOCHEMISTRY OF 
CEREBRAL CORTEX 


By K. C, DIXON 
From the Department of Pathology, University of Cambridge 
(Received 30 May 1952) 


Cerebral grey matter possesses considerably greater glycolytic and respiratory 
activity than white matter and nerve. Holmes (1932) suggested that the high 
rate of metabolism of grey matter may depend on reactions taking place in 
the synapses or dendrites. Marinesco (1919) found that grey matter gives an 
intense indophenol oxidase reaction and that oxidase-positive granules are 
present in both cell bodies and dendrites, but are absent from axons. Campbell 
(1939) demonstrated a high indophenol oxidase activity in the superficial 
lamina as well as in deeper regions of the cerebral cortex of the cat. Meath & 
Pope (1950) also found that the superficial lamina, which has very few cell 
bodies, exhibits as strong an indophenol oxidase reaction as the deeper layers. 
Very recently, Pope (1952) has published figures correlating both dipeptidase 
and acetylcholine esterase activity with the cellular content of the various 
layers of rat cortex. Holmes (1932) showed that the rate of respiration and 
glycolysis of the trigeminal ganglion is low, as in white matter and nerve, and 
unlike the higher rate observed for grey matter. He therefore concluded that 
the high metabolic rate of grey matter is dependent on the synapses or den- 
drites and not upon the presence of the cell bodies in grey matter. Sensory 
ganglia may, however, constitute a tissue so different from cerebral grey 
matter that the divergencies observed may merely depend on cellular dis- 
similarity and not upon the absence of dendrites and synapses in the former 
and their presence in the latter tissue. Accordingly, it was decided to measure 
the glycolysis of the superficial layer of the cerebral cortex which contains 
numerous dendritic processes but few cell bodies, and to compare this with the 
glycolysis of the highly cellular deeper layers. This should establish directly 
whether the cortical processes of the pyramidal cells, situated in the super- 
ficial molecular layer, have indeed as high a rate of glycolytic metabolism as 
their cell bodies. 

Since metabolism is probably located in cellular sites which are rich in 
enzymic proteins, information on the distribution of protein in the neurone 
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and its processes would be of interest. Accordingly, the:tetrano:-method of 
Danielli (1947), which gives an intense reaction with tissue proteins, was 


employed in studying the protein content of the superficial and deeper regions 
of the cerebral cortex. 


MATERIALS AND METHODS 
Tissue used 
Superficial and deep tangential slices of rabbit cerebral cortex were used for measurements of 
glycolysis. After the metabolic observations were completed these slices were examined histo- 
logically. In addition, coronal slices of rabbit cerebral cortex were used for study of structure and 
histochemistry. The rabbite were killed by dislocation of the neck. They were then immediately 
bled by cutting the blood vessels of the neck on one side. 


Measurement of glycolysis 

Superficial slices of cerebral cortex were first cut, generally from the superior surface of the 
cerebral hemispheres, so as to be as nearly tangential to the surface as possible. Enough tissue for 
a measurement (30-60 mg wet weight) was taken in turn from each hemisphere; two or three 
slices from one side easily produced the amount of tissue required and often it was possible 
to obtain one elongated slice which sufficed. Comparable amounts of deeper slices were subse- 
quently taken from the sites on each hemisphere from which the superficial slices had been removed. 
These sites were clearly indicated by the absence of the thin film of pia mater which was removed 
with the superficial slices. This film of pia provided a convenient means of distinguishing superficial 
from deep slices and itself possessed negligible glycolytic activity. 

Each set of slices was collected in glucose—bicarbonate—Ringer, blotted, weighed on a watch- 
glass and transferred to 2 ml. of gi bicarbonate—Ringer in a Warburg manometer cup. 

Glucose-bicarbonate—Ringer containing 0-2% (w/v) glucose was used in most of the experi- 
ments; it had the composition described by Dickens & Greville (1935). In a few experiments 
glucose was omitted from the bicarbonate—Ringer supplied to some of the slices. The solutions 
were made up daily from stock solutions and fresh glucose (see Dixon, 1949a). The Ringer was 
then equilibrated with 95% N,/5% CO, or (where aerobic glycolysis was measured as well as 
anaerobic glycolysis) with 95% 0,/5% CO,. The manometers, after attachment of their cups, 
were filled with these gas mixtures and glycolysis was measured over 20-60 min in a Warburg bath 
at 38° C. 

In one experiment the slices were placed in the Warburg cups without previous weighing and 
their dry weight was determined after incubation ; in this case no histological examination of the 
slices could be made. 


Fization 
At the end of incubation the slices were taken from the Warburg cups and placed in various 
fixing agents. Fixatives used included ‘Formol’ 1 vol./0-9% (w/v) NaCl 9 vol., Zenker—acetio acid, 


Zenker—formaldehyde, and formaldehyd ium bromide made up according to Nassar & 
Shanklin (1951). The periods of fixation were 1-2 days in formol saline, 1 day in Zenker’s fluid 
(followed by 1 day washing), 4 days in formaldehyde-ammonium bromide followed in this case by 


washing overnight with water containing a trace of ammonia. After fixation the tissues were 
dehydrated in ethanol (using ascending concentrations), cleared in xylene and embedded in wax. 
For the material fixed in f Idehyd ium bromide, ethanol solutions, cedar-wood oil and 
xylene were used successively for dehydrating and clearing (see Nassar & Shanklin, 1951). 


Methods of staining and histochemical technique 
Seotions from all tissues (out at Bj) were stained with Ehrlich’s haematoxylin and eosin. 
Sections from many of the specimens (cut at 12-15,) were stained by Mallory’s phosphotungstic 
acid—haematoxylin following previous mordanting with bichromate-acetic acid mixture (Russell, 
1939). In some cases sections (cut at 12-15) were impregnated with silver by the method of 
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Nassar & Shanklin (1961); toluidine blue 1% and periodic acid followed by Schiff’s reagent 
(McManus, 1948) were also employed. 

To form an estimate of the protein content of the various layers of the cortex Danielli’s (1947) 
method was used with some of the tissues. This method depends upon the coupling of one of the 
two diazonium groups of tetrazotized benzidine with tyrosine, tryptophane, histidine, purine and 
pyrimidine groups of the tissue proteins and nucleic acids to form yellow compounds, followed by 
the coupling of the other diazonium group of the tetrazotized benzidine with 8-naphthol to form 
deep orange red derivatives. In the first experiments the reactions were carried out in barbiturate 
buffer (pH9-0), since this was used by Danielli. Later it was found more convenient to employ 
borate buffer (pH9-0). Essentially the same staining results were obtained in spite of minor 
changes in technique, The method finally adopted will now be described. Three special reagents 
A, B and C were employed: 

(A) Tetrazo reagent. 0-92 g benzidine was dissolved in 2-4 ml. concentrated HCl and 30 ml. 
water. The mixture was heated to dissolve the benzidine. The mixture was cooled to 0° C in 
a freezing mixture and 0-69 g NaNO, dissolved in 50 ml. ice-cold water was added little by little, 
never allowing the temperature to rise above 4° C. 2 ml. of the resultant solution of tetrazotized 
benzidine was then added to 48 ml. ice-cold 0-025m-borate buffer (see below) in a Coplin jar. This 
diluted reagent was kept at 04° C. 

(B) B-naphthol reagent. 20 mg B-naphthol was triturated with 120 ml. 0-025m-borate buffer. 
Not quite all the 8-naphthol dissolved. About 50 ml. of this reagent was placed in a Coplin jar and 
cooled to 0° C, 

(C) 0-025m-Borate buffer. 0-05m-borate buffer pH9-0 (B.D.H.) was diluted with an equal 
quantity of water to give the 0-025m-borate buffer (reagent C) used in making the above reagents 
and also in washing the sections (see below). 

The staining technique finally adopted was as follows: 

(i) The slides with the paraffin embedded sections of nervous tissue were brought through xylene 


and ethanol to water, washed in distilled water and placed in a Coplin jar of reagent C recently — 


removed from the refrigerator. 

(ii) The slides were then immersed for 15 min in reagent A (tetrazo reagent) in a Coplin jar 
maintained at 0-4° C in a freezing mixture or cold room. The slides were then transferred to 
another Coplin jar containing iced C (washing 1). 

(iii) The slides were successively transferred through three more Coplin jars of iced C (washings 
2, 3 and 4). Washings 1-4 lasted 10 min in all. 

(iv) The slides were then placed for 15 min in reagent B (8-naphthol reagent) in a Coplin jar 
maintained at 0-4° C. They were then washed in running tap water for 5 min, cleared in ethanol 
and xylene and mounted in balsam. 

At the end of the period in reagent A the sections were bright yellow, although reagent A has 
only a very faint colour. During the first few minutes in reagent B (which is colourless when fresh) 
the colour changed to deep orange red. Washing in four changes of buffer is sufficient, since no 
diazo reagent could be detected in washing jars 3 or 4 on subsequent treatment with 6-naphthol. 

That the staining reactions observed with this method are largely due to reaction with cell- 
proteins is shown by two observations: 

(i) The intensely coloured mixture formed by adding a small quantity of tetrazo reagent to 
8-naphthol solution failed to stain brain sections. ) 

(ii) Sections of rabbit cortex were benzoylated by leaving them overnight in a mixture of 1 vol. 
of benzoyl chloride and 9 vol. of pyridine at room temperature. This procedure (see Danielli, 1947) 
masks reacting amino-acids without affecting purines and pyrimidines. On subsequent treatment 
of the benzoylated section by the tetrazo technique only a faint colour was developed. 
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RESULTS 
Histology and histochemistry 

Pl. 1, fig. 1, shows a section of rabbit cerebral cortex cut in the coronal plane. 
It reaches a level at least as deep as the tangential slices used in the experiments 
on glycolysis. The relative absence of nerve cells from the cortex immediately 
beneath the pia mater is evident. In the following account the term molecular 
layer is used to describe this superficial region of the cortex which is nearly 
devoid of neuronal nuclei and cell bodies. The term nuclear layer correspondingly 
indicates the deeper laminae of the cortex which contain numerous neuronal 
cell bodies and their nuclei. In these sections of fixed cortex cut in the coronal 
plane the depth of the molecular layer was 0-18-0-30 mm. 

Sections of rabbit cerebral cortex stained intensely with the tetrazo method 
of Danielli. Pl. 1, fig. 2, shows the superficial molecular layer at the point of 
entry of a pial vessel in a coronal section stained in this way. The main mass 
of the field is occupied by the ground substance of the molecular layer. This 
region stained an intense orange red, although containing hardly any neuronal 
cell bodies. Pl. 1, figs. 3 and 4, and Pl, 2, fig. 5, are from deeper regions of 
coronal sections stained by the tetrazo method. Figs. 3 and 4 show the typical 
chromophobic pyramidal cells. These have large, almost unstained, nuclei with 
intensely staining nucleoli and nuclear membranes. The perinuclear cytoplasm 
of the cell bodies was only slightly darker than the surrounding ground-sub- 
stance. The long apical dendrites are especially prominent as pale cleft-like 
spaces with darker margins. In places where the direction of section coincides 
with the long axis of the cells the great length of the apical dendrites is apparent 
(fig. 4); indeed, they may traverse a large part of the cortex. The feeble reaction 
of the dendritic clefts contrasts sharply with the strongly reacting ground- 
substance. Pl. 2, fig. 5, shows the more strongly reacting chromophilic cells of 
Nissl also from the nuclear layer of a coronal section of cortex stained by the 
tetrazo method. Previous benzoylation overnight (before applying the tetrazo 
method) almost completely inhibited the reaction of the ground substance 
and cytoplasm of the chromophobic cells. The chromophilic cells still developed 
some colour following benzoylation, but this was very greatly diminished in 
intensity. It may thus be concluded that the major part of the reaction is 
probably due to protein. 

Coronal sections of rabbit cortex stained by Mallory’s phosphotungstic acid-__ 
haematoxylin (to show astrocytes and their processes as well as neurones) and 
sections of the same tissue impregnated with silver (to show other glial cells 
and processes) indicated that glial tissue only forms a small proportion of the 
ground substance, which is probably mainly constituted by the ramifying 
processes of the neurones. A film of ‘astrocytes (one cell thick) covers the 
superior surface of the molecular layer. 
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Sections for microscopic examination of the tangential slices of rabbit cortex 
used for the experiments on glycolysis were cut, as far as possible, at right 
angles to the surface of the slice. Owing to curvature this was not always 
achieved, and, because of some obliquity, the depth of the molecular layer in 
these sections of the tangential slices was often apparently greater than in 
sections of the segments of rabbit cortex cut strictly in a coronal plane. In 
_ some cases, also, the sections of the tangential slices were ragged and in part 
disintegrated. In spite of such defects these sections showed with clarity the 
amounts of both molecular and nuclear layers included in the slices. Most of 
the superficial slices used in these experiments consisted mainly of molecular 
layer but included some nuclear layer as well, while the deep slices consisted 
almost entirely of nuclear layer (see Tables 1 and 3). 
Pl. 2, figs. 6-8, show sections of tangential slices of cortex from rabbit F 

. (see Tables 1 and 3) stained by the tetrazo method. These slices had been 
incubated in glucose—bicarbonate-Ringer in N,/CO, for 30 min. Fig. 6 is from 

a thin part of a superficial slice and shows, in the field photographed, molecular 

| layer only, Fig. 7 is from a thicker part of a superficial slice; it shows mainly 
molecular layer but in part reaches the nuclear layer. Fig. 8 is from part of 
a deep slice and shows numerous nerve cells of the nuclear layer. The intensity 
of the tetrazo reaction of the ground substance, both in the superficial and the 
deep slices, is apparent. 
After incubation in glucose-bicarbonate—Ringer, both in the presence and 
in the absence of oxygen, most of the chromophobic pyramidal cells were 
| vacuolated, their nuclei being attached to the periphery of the cell body by 
mere strands of cytoplasm. In fresh material, fixed without incubation in 
formaldehyde-ammonium bromide, and dehydrated and cleared by the 
method of Nassar & Shanklin (1951), the chromophobic cells were not 
vacuolated (see Pl. 1, figs. 3 and 4), The sections illustrated in PI. 2, figs. 7 and 
8, were from tissues fixed and cleared by the same method after anaerobic 
incubation; here marked vacuolation of the chromophobic cells was evident. 
Control sections of this tissue from unincubated slices showed no vacuolation. 
The other methods of fixation and clearing were not, however, so successful in 
preventing vacuolation of the chromophobic cells in the freshly fixed unincu- 
bated tissue. The chromophilic cells, which were intensely stained by 
haematoxylin and eosin and also by the tetrazo method, toluidine blue and 
by periodic acid—Schiff reagent (see Dixon & Herbertson, 1950), were in many 
_ eases shrunken and irregular in outline after incubation. 


Glycolysis by superficial and deep slices 

Table 1 summarizes the results of measuring the anaerobic glycolysis of both 
superficial and deep slices of rabbit cerebral cortex in the presence of 0-2 % (w/v) 
glucose, The results are expressed in pl. CO,/mg wet weight of tissue/hr. The 
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histological features of the slices taken from the cups after incubation are also 
tabulated. In these experiments only the first layer of the upper surface of 
the cortex (with attached pia) was used for the superficial slices. The deep 
slices consisted of material taken from the upper surface of the cortex after the 
‘first slices had been cut away. The superficial slices consisted mainly of 
molecular layer (see Pl. 2, fig. 5), but usually also included some nuclear layer 
as well (see Pl. 2, fig. 6). The deep slices usually showed entirely nuclear layer, 
but in a few cases (such as rabbit F) contained some molecular layer as well 
(presumably from the edge of the slice). It will be clear from Table 1 that the 
Taste 1. Glycolysis by superficial and deep slices of cerebral cortex in terms of wet weight. The 

term ‘nuclear’ indicates region of neuronal nuclei and cell bodies. The term ‘molecular’ 


indicates superficial region (often with pia attached), which is practically devoid of neuronal 
nuclei and cell bodies. 


CO,/mg wet wt./hr) Histological findings 
Rabbit Superficial Deep Superficial Deep 
A 31 2-2 More than two-thirds molecular ll nuclear 
3-1 2-6 Half All nuclear 
C + ; 2 Two-thirds molecular Very nearly all nuclear 
D 3-5 2-8 More than two-thirds molecular ll nuclear 
E 3-0 Two-thirds molecular 
F 2-9 2-5 Two-thirds molecular Three-quarters nuclear 
G 3-1 21 Nearly all molecular All nuclear 
3-0 2-5 Two-thirds molecular All nuclear 
H 3-2 2-2 Three- molecular All nuclear 
2-5 2-7 Two- molecular Nearly all nuclear 


anaerobic glycolysis of the superficial slices, consisting largely of molecular 
layer with relatively few neuronal nuclei and cell bodies, was greater and not 
less than the anaerobic glycolysis of the highly cellular deeper slices containing 
neuronal nuclei. 

Table 2 shows the results of a similar experiment in which the anaerobic 
glycolysis is expressed in terms of dry weight; here again the glycolysis of the 
superficial slices was greater. 


Taiz 2. Glycolysis by superficial and deep slices in terms of dry weight. 


Anaerobic gl 
in 0-2% glucose 
(ul. CO,/mg dry wt. /hr) 
Rabbit Superficial Deep 
B 29 17 
28 17 


A high rate of anaerobic glycolysis is one of the salient characteristics of the 
metabolism of rabbit cerebral cortex. Little individual variation (yl. CO,/mg 
dry weight/hr=27-7 + 2-6 for twenty-two rabbits; Dixon, 19496) and con- 
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stancy over time up to 2 hr (Dixon, 1949q) are noticeable features of glycolysis 
by this tissue; in these previous experiments the material used probably 
consisted in the main of superficial slices, although some deep slices were 
included to obtain sufficient material for large numbers of slices. In the 
present experiments the glycolysis was more variable but this is probably 
inevitable when determinations of wet weight (with variable amounts of 
included Ringer) are used instead of dry weight. The glycolysis of the super- 
ficial slices was fairly constant even up to 80 min (Text-fig. 1). The glycolysis 
of the deep slices in some cases diminished slightly more with time. 
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Text-fig. 1. Anaerobic glycolysis of superficial and deep slices of cerebral cortex (rabbit C). 
@, right superficial slice; A, left superficial slice; ©, right deep slice; /, left deep slice. 

The glycolysis of both superficial and deep slices was dependent on the 
presence of glucose, and in the absence of glucose anaerobic glycolysis nearly 
ceased (Table 3). The presence of oxygen practically eliminated the glycolysis 
both with superficial and deep slices (Text-fig. 2 and Table 3). White matter 
deep to the cortex had a low rate of anaerobic glycolysis (Table 3). These 
various results are summarized in Table 3, which also records the histological 
findings. The letters given in Table 3 to the rabbits from which the tissues 
were taken refer to the same series as in Table 1. For the purpose of comparison 
some of the figures from Table 1 also appeai in Table 3. 


DISCUSSION 

These results show that the molecular layer of rabbit cerebral cortex, which 

contains few neuronal cell bodies, possesses high glycolytic activity. The 

nuclear layer, which contains many neuronal cell bodies, has a lower glycolytic 

rate. In both cases the glycolysis is dependent on the presence of wish and ~ 
PH. OXX. 
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is inhibited by oxygen and thus shows the characteristics of the glycolysis of 
cerebral cortex as a whole. It is therefore evident that the rate of glycolysis 
cannot depend on the number of cell bodies but rather depends on the quantity 
of ground substance in the cortical grey matter. 
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Text-fig. 2. Anaerobic and aerobic glycolysis of superficial and deep slices of cerebral cortex 
(rabbit D). @, left superficial slice anaerobic; A, left deep alice anaerobic; ©, right 
superficial slice aerobic; A, right deep slice aerobic. 


TaB_z 3. Effects of O, and glucose on glycolysis by superficial and deep slices. 
Glyoolysis 


co 
D 0-1 Superficial slice, O,, glucose Two-thirds molecular 
O,, glucose Nearly all nuclear 
28 Deep slice, Ne, glucose All nuclear 
0-7 Superficial slice, O,, glucose Nearly all molecular 
3-0 Superficial slice, N,, glucose Two- molecular 
0-2 Superficial slice, N,, no glucose More than half molecular 
0-4 Deep slice, N,, no ee All nuclear 
2-9 Superficial slice, N,, glucose Two-thirds molecular 
2-5 Deep » glucose nuclear 
G 0-6 White matter, N,, glucose fibres and uclei 
3-1 Superficial slice, 
0-7 White matter, N,, glucose Nearly all fibres and glial nuclei 
3-2 Superficial slice, Ny, glucose Three-quarters molecular 


The ground substance of the molecular layer is largely composed of the 
ramifying processes of neurones which are probably for the most part dendritic 
branches of pyramidal cells. This ground substance gives a strong tetrazo 
reaction. It might be argued that the tetrazo method does not distinguish 
between protein and nucleic acid, since purines and pyrimidines as well as 
tyrosine, tryptophane and histidine are capable of coupling with tetrazotized 
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benzidine. Previous benzoylation inhibits most of the tetrazo reaction in the 
cytoplasm of nerve cells and their processes. This procedure probably masks 
the reacting amino-acids without preventing the reaction by the purines and 
pytimidines of nucleic acid (see Danielli, 1947, 1950). It is possible that 
treatment with benzoyl chloride and pyridine might extract pentose nucleic 
acid in addition to benzoylating the reacting amino-acids. However, it is 
likely that those parts of the neurone which contain nucleic acid also contain 
protein in even higher concentration (see Hyden, 1943, 1947), probably com- 
bined with nucleic acid. For this reason, even if a small part of the tetrazo 
reaction is due to nucleic acids in addition to the main reaction produced by 
proteins, the tetrazo method gives a valuable guide to the distribution of cell 
proteins. It may be concluded, therefore, that the strong tetrazo reaction of 
the cortical ground-substance is due to protein contained in the dendritic 
branches which form such a large part of the total neuronal cytoplasm. Much 
of this protein may be enzymic and this would account for the high rate of 
dendritic metabolism. 

It may be that the nuclei of the cortical neurones are not actively glycolytic 
and that the lower rate of glycolysis of the deeper cortex reflects the large 
amount of nuclear material present in this region. Results with the tetrazo 
method show that apart from the nuclear membrane and nucleoli the nuclei 
contain little protein. The low rates of glycolysis of white matter and nerve 
may depend on the relatively enormous content of inert myelin sheaths and 
minute content of protein in the axons (visible as deeply stained orange red 
dots in transverse sections of spinal cord treated with the tetrazo method). It 
seems reasonable to suppose that the glycolytic rate of nervous tissues bears 
a direct relation to the proportion of neuronal cytoplasmic protein which is 
much higher in grey than in white matter. Glycolysis may, however, be 
restricted to the Nissl substance which is present in the dendrites and cyto- 
plasm of the cell bodies but absent from the axons. In any case the results 
reported above indicate that the dendrites of the pyramidal cells contribute 
largely to the high rate of metabolism of cortical grey matter. 


SUMMARY 


1. The superficial layer of the cerebral cortex of the rabbit is more active 
in anaerobic glycolysis than the deeper layers. 

2. The superficial layer is largely composed of dendrites and fibres and 
contains relatively few nerve cells in contrast to the highly cellular deeper 
layers. 

3. It is concluded, therefore, that the dendritic processes of the pyramidal 
cells possess a high glycolytic rate, and that dendritic metabolism probably 
accounts for much of the glycolytic activity of the cerebral cortex as a— 
_ whole. 
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4. The ground substance of the superficial molecular layer and also of the 
deeper nuclear layers reacts strongly with the tetrazo method of Danielli. The 
cell bodies of the chromophilic cells and the nuclear membranes and nucleoli 
of the chromophobic cells also give an intense tetrazo reaction. It appears that 
a large part of the protein of the cortex is present in the ground substance 
which consists in the main of ramifying neuronal processes. These processes 
constitute a major part of the total neuronal cytoplasm. 


5. It is suggested that the glycolytic rate depends on the quantity of 
neuronal cytoplasm, at least in so far as the cell body and dendrites are 


concerned. How far the axons are actively glycolytic is uncertain. The low 
rate of glycolysis of white matter may depend on its relatively small content 
of neuronal cytoplasm. 


I am extremely grateful to Dr D. B. Cater and Dr G. D. Greville for valuable discussion. I also 
wish to thank Mr D. Madin for his competent technical assistance, including the cutting of all the 
sections, and Mr 8. W. Patman for the photomicrography. 
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EXPLANATION OF PLATES 


Prats | 


Fig. 1. Coronal section of rabbit cerebral cortex showing the superficial molecular layer nearly 
devoid of neuronal cell bodies and also the highly cellular deeper layers. Phosphotungstic 
acid—haematoxylin. x70. 

Fig. 2. Superficial region of cerebral cortex. Tetrazo. x 350. 

Fig. 3. Deeper region of cerebral cortex showing chromophobic pyramidal cells. Tetrazo. x 325. 


| Fig. 4. Deeper region of cerebral cortex showing mainly chromophobic cells and a few chromo- 


philic cells. The long axis of one chromophobic cell coincides with the plane of section 
demonstrating the great length of its apical dendrite. Tetrazo. x 325. 


Prats 2 


Fig. 5. Deeper region of cerebral cortex showing group of chromophilic cells. Tetrazo. x 350. 
Fig. 6. Thin part of a superficial tangential slice of cerebral cortex from rabbit F, showing 
molecular layer only. Tetrazo. x 110. 
Fig. 7. Thicker part of a superficial tangential slice from rabbit F, just reaching the nuclear layer. 
Tetrazo. x 110. 
Fig. 8. Part of a deep tangential slice from rabbit F, showing nuclear layer only. Note vacuola- 
tion of cell bodies. Tetrazo. x 110. 
Slices shown in Figs. 6-8 had been incubated anaerobically in glucose—bicarbonate—Ringer for 
30 min. 
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THE UPTAKE OF RADIO-IODINE BY THE RABBIT’S 
THYROID MEASURED IN VIVO 


By N. B. MYANT* 


From the Department of Clinical Research, University 
College Hospital Medical School, London 


(Received 5 August 1952) 


The amount of radio-iodine taken up by an animal’s thyroid has usually been 
found by killing the animal after giving it a measured dose of radio-iodine and 
then estimating the radioactivity in the thyroid with a B-ray counter. Although 
this method is accurate, its uses are limited. If the radio-iodine content of the 
thyroid could be estimated in vivo, serial measurements after a single dose, or 
repeated tests with different doses, could be made in the same animal. The 
time-course of radio-iodine metabolism in the thyroid and the effects of various 
agents on thyroid function could then be studied more easily. In this paper, 
a method for measuring the radio-iodine content of the living rabbit’s thyroid 
is described, together with experiments designed to test its accuracy and its 
value in repeated tests of thyroid function. Rabbits were chosen in preference 
to smaller animals, because if the latter are used, the minimum dose of radio- 
- iodine necessary for accurate external measurements may, if given repeatedly, 
cause radiation damage to the thyroid. 


METHOD 
The method depends upon a comparison between the counting rate given by the thyroid and that 
given by the dose at the same distance from the counter. The counter was surrounded by a lead 
shield with an opening parallel to its axis. A vertical lead screen 2-5 cm thick was fixed beneath 
the shield to absorb the radiations arising from below the animal’s neck (Fig. 1). The rabbit was 
kept still by putting the trunk and hind legs in a canvas bag so that it could be held with the body 
hanging down behind the lead screen and the lower jaw resting on the shelf of a Perspex plate. 
It could be kept etill in this position for the 1 or 2 min required for each measurement. The trachea 
was pressed gently against the Perspex bridge (C) so that the thyroid could always be brought to 
the same horizontal distance from the counter. The vertical position of the thyroid was checked 
by observing a mark on the neck against a mark on the Perspex bridge, seen through the front 
of the plate before the counter was brought into position. By this means, the position of the 
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rabbit’s neck could be accurately reproduced, the thyroid being at about 9 cm from the axis of the 
counter at each measurement, When the rabbit was in position, the field of view of the counter 
included the whole of the neck from the angles of the jaw down to about 1 cm below the cricoid 
cartilage. The counter had a lead cathode with an effective length of 8-5 om and gave 18 counts/min 
when 1 uo was 50 om from the axis. 

Each test dose contained 12 yo of radio-iodine (I) without added carrier and was given by 
injection into the thigh muscles, Before each injection the counting rate given by the dose in the 
syringe was measured with the syringe held parallel to the counter axis at a distance of 9-0 cm. 

In order to minimize variations in the daily iodine intake, the rabbits were given the same 
standard diet (M.R.C, diet no. 18) without fresh green food. In the experiment on the six litter- 
mates all the rabbite were the same sack of food throughout the period of observation, 
and were kept in adjacent cages in the same conditions of lighting and temperature. 


Fig. 1. Counter shielding, lead screen and Perspex plate seen from behind. Perspex plate cross- 
hatched. C =bridge attached to Perspex plate; H =side wall of lead shield; R =rest for jaws 
of rabbit; S=lead screen. The counter is not shown inside the shield. 


RESULTS 
Errors in the estimation of radio-vodine in the thyroid 

If the counting rate given by the thyroid at a known distance from the counter 
could be measured without error, the proportion of the dose in the thyroid 
could be found from the ratio of the counting rates given by the thyroid and the 
dose in the syringe. However, there are several sources of error in estimating 
the counting rate due to the thyroid from the net counting rate at the neck. 

Errors of counting and position. First, there are random errors due to 
statistical variations of counting and to variations in the position of the thyroid 
at different estimations. The variability due to both these errors was found by 
taking repeated readings from the same rabbit when the radio-activity in the 
thyroid had reached a stable level. When the rabbit was re-positioned between 
each reading, the standard deviation about the mean of twelve 1 min readings 
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was +3°57% of the mean, when the expected variation due to statistical 
errors of counting had a standard deviation of + 1-07% of the mean. In this 
experiment, therefore, the distance of the rabbit’s thyroid from the counter 
cannot have varied with a standard deviation of more than + 1-5 mm. 
Radio-iodine outside the thyroid. Secondly, the counting rate measured at 
the neck is due partly to radio-iodine in the thyroid and partly to radio-iodine 
in the non-thyroid tissues which are within the field of view of the counter. 
The size of this error depends chiefly on the time since the dose was injected. 
During the first few hours, a high proportion of the dose is still in the blood and 
interstitial fluids; but by 24 hr the sharing of the dose between the thyroid and 
kidneys is almost complete. The amount of radio-iodine in the non-thyroid 
tissues of the neck is then small compared with the amount in the thyroid. 
The importance of this error at different intervals after the dose is illustrated 


in the next experiment. 


Tasxz 1. Correction factors for non-thyroid radio-iodine in neck and for the difference 
between the counting rate given by a thyroid in air and in vivo 
| %, of syringe count found in thyroid 


Time between Neck+ Neck without 
Rabbit  injectionand Neck with thyroid+ Measured Measured /” vivo 
no. thyroidectomy _thyroid* inair ién vivot In air 
53 1} hr 0-449 0-83 5-1 — _ 
57 0-473 0-89 5-7 — 
58 0-307 0-51 20-1 
59 4, 0-260 0-54 23-8 — — 
‘54 44 0-249 11-4 
60 0-046 0-73 44-7 — 
55 Sw 0-157 1-07 12-7 — — 
61 10 ,, 0-068 12-5 — — 
62 ,, 0-042 1-24 19-0 
29 4 0-007 — 36-7 35-9 1-02 
33 4 0-025 15-6 20-1 0-78 
34 “ ,, 0-044 — 15-0 15-3 0-98 
Ml 4 days 0-034 _ 8-9 11-1 0-78 
M2 o> 0-036 — 5-8 7-4 0-80 
36 ‘x 0-019 — 18-9 22-1 0-78 
35 24 hr — _ 6-9 8-8 86 
37 ,, 30-5 32-5 0-94 
31 ~ 24-2 23-1 1-05 
Mean 0-84 — — 0-89 
(8.D. + 0-25) (s.p.+0-11) 


* The counting rate given by the neck after removal of the thyroid, divided by the counting 
rate given by the neck before the thyroid was removed. 

t The counting rate given by the neck after removal of the thyroid, divided by the counting 
rate given by the thorax after removal of the thyroid. 

¢ Estimated from counting rate at neck and assumed distance of 9-0 cm. 


In a group of rabbits of different weights and ages, the counting rate over 
the neck was measured before, and immediately after, removing the thyroid 
(Table 1). At 4hr, more than 30 % of the radio-activity to which the counter 
responds may be due to radio-iodine outside the thyroid. At 8 hr this proportion 
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may still exceed 15% of the total unless, as in the case of rabbit no. 60, the 
dose is removed by the thyroid at an exceptional rate. At intervals of 24 hr 
or longer, the non-thyroid radio-iodine is responsible for less than 5°/ of the 
“net counting rate at the neck. 

Because of this error, the counting rate due to radio-iodine in the thyroid 
cannot be determined directly from the counting rate at the neck until 24 hr 


have elapsed since the injection of the dose. However, the size of the error can | 


be estimated roughly when measurements are made over the neck at earlier 
intervals, by measuring the counting rate at the same time over a part of the 
body in which there is no iodine-concentrating tissue. 

A suitable correction factor for non-thyroid radio-activity was found by 
comparing the counting rate over the neck with that over the thorax, in those 
animals from which the thyroid had been removed. When the counting rate 
over the thorax was measured in these experiments, an extra 2-5 cm plate of lead 
was placed horizontally on top of the counter shield to exclude almost com- 


pletely the radiations arising from the neck. In these conditions the counting 


rate over the neck averaged 0-84 (s.D. + 0-25) times the counting rate over the 
thorax (Table 1). 

Hence, the counting rate due to the non-thyroid tissues of the neck can be 
determined in the animal with its thyroid in situ, by multiplying the counting 
rate at the thorax by 0-84 + 0-25, the measurement over the thorax being made 
with the extra lead plate in position. Owing to the large proportional error 
in this correction factor, determinations of the radio-iodine content of the 
. thyroid are very inaccurate when there is much radio-iodine in the non- 
thyroid tissues. The accuracy of measurements made over the neck would not 
necessarily be improved by reducing the aperture of the counter shield, 
because individual variations in the anatomical level of the rabbit’s thyroid 
are such that the field of view of the counter should extend over several cm? 
if the thyroid is to be fully in view of the counter in every case. 

Errors due to in vivo position. (Expt. 4.) A third set of errors arises from the 
effect'of the tissues of the neck on the radiations emitted from the thyroid, and 
from uncertainty as to the exact position of the thyroid in vivo. The overall error 
due to these factors was found by comparing the counting rate at the neck 
with the counting rate given by the thyroid, removed from the animal and 
suspended in air at a point 5 mm behind the posterior surface of the Perspex 
bridge, or 9-0 em behind the counter axis. This was assumed to be the position 
of the thyroid in vivo when the rabbit was held in front of the counter. In nine 
observations made at 24 hr or more after the injection of the dose, the counting 
fate given by the thyroid in air averaged 0-89 (s.p. + 0-11) times the counting 
tate given by the neck (Table 1). 

There is, therefore, an apparent increase in the radio-activity in the thyroid 
in vivo due to scatter of radiations by the tissues around the thyroid or to 
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overestimation of the distance between the thyroid in vivo and the counter axis. 
Since there was only a negligible quantity of radio-iodine left in the non- 
thyroid tissues after removal of the thyroid, the whole of the thyroid must 
have been removed and its radio-iodine content measured in air without 
significant loss during the dissection from the neck. The ratio 0-89 may, there- 
fore, be taken as a valid estimate of the difference between the tm vitro and 
in vivo counting rates given by the thyroid. Thus, the best estimate of the 
radio-iodine content of the thyroid in vivo may be determined from the counting 
rate given by the neck (corrected, if necessary, for non-thyroid radio-iodine), 
multiplied by 0°89+0-11. It may be noted that the error in the ratio 0-89 
includes the error due to random variations in thyroid position at different 
estimations. | 


The time-course of radio-iodine wptake and loss by the thyroid 
Table 2 shows a typical series of determinations of the radio-iodine content 
of the thyroid in a single rabbit (no. 44) at serial intervals after an injection 
of radio-iodine. The dose contained 12c and gave 6875 counts/min above 
background when counted for 5 min at 9-0 cm from the counter axis. The 
radio-iodine content of the thyroid reaches a maximum by 24 hr. The values, 


TaBxzE 2. Time-course of radio-iodine and loss by the rabbit’s thyroid. Errors of 
set of determinations - 


estimation in a 
Neck ts 
due to Neckcounts Thyroid 
Neck Thorax non-th yor Coefficient 
Interval (counts/  (counts/ col.2x thyroid 4x yroid 
after min) min)  (0-84+40-25) col.1—col.3(0-89+0-11) (% dose) 
injection (1) (2) (3)* (4) (5)* (6) (%) 
lhr 7894288 8344296 7014210-1 88+212 781188 1:13842:7 241 
936+31-2 8044291 67542024 2614205 2324185 3-37+2-7 80 
3,, 11914361 7674284 64441932 65474196 4874185 7-08+2-7 38 
4,, 12324357 6634265 55741673 6754171 6014169 8-7442-5 28 
6, 14724389 5714247 48041443 9924149 8844172 12-9 19 
8,, 17064418 493423-1 41441247 12914132 11494184 166 +2-7 16-1 
10 ,, 19284444 429421-7 36041086 156841117 13954202 20-3 +2-9 
ll ,, 19654448 3704203 3114 941 16544104 14724204 21-4 +3-0 13-9 
24,, 1869443-7 1074121 90+ 286 1779+ 52 15834201 25-1 +3-2 12-7 
26 ,, 18774438 1044120 87+ 27-3 1790+ 52 15984202 25-3 +3-2 12-7 
Sdays 9124309 47493 394 139 8734 3% 7774100 147 +1-9 12-9 
4,, 635 + 26 40+ 89 344 126 G014 29 5354 71 110 +15 13-2 
4334218 48194 404 143 3981 26 350+ 49 7-85+1-0 13-9 
6. 3474+19°7 484+ 94 404 143 3074 24 2734 40 6-68+1-0 145 
454+ 92 384 13-7 1884 21 1674 28 44440-74 \ 16-6 
344 86 294 113 13884 18 1234 22 3584064 18-0 


All counting rates measured for 1 min and corrected for background (40/min). The proportion 
of the dose in the thyroid at 24 hr and at all later intervals is corrected for decay of radio-iodine. 
In cols, (1) and (2) the errors are statistical errors of counting. 

* Coefficient of variation of the product is calculated from the square root of the sum of the 
squares of the two coefficients of variation. 
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after correction for decay of radio-iodine, then fall exponentially for the 
following week, with a half period of 2-5 days (Fig. 2). Curves of the same 
general form were obtained in all rabbits tested and in each animal a half 
period of fall could be found by calculating the slope of the regression line of 


log Y on X, where Y is the proportion of the dose in the thyroid and X is the 
time since the injection. 


30 


Dose in thyroid (%) 


o 


5 
0 i i i i i 
1 2 3 4 5 6 7 8 9 
Days 
Fig. 2. Radio-iodine content of the thyroid of a normal rabbit after 
a 12 ye dose of radio-iodine. 


The proportional error in the estimate is least at 24 hr, and is then due 
almost entirely to the error in correcting for the difference between the 
counting rates im vivo and in air (Table 2, col. 5). At earlier intervals the 
_ error in the estimate is higher because of the large error in correcting for the 
non-thyroid radio-iodine (col. 3). At later intervals the total error again 
increases as the radio-iodine content of the thyroid falls and statistical errors 
of counting become large. | 


The variability of repeated tests in litter-mates (Expt. 6) 
Owing to the rapid rate of discharge of the radio-iodine taken up by the 
thyroid, the counting rate over the neck at 2 weeks after the dose was close 
_ to the background counting rate. It was possible, therefore, to repeat the 
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test at intervals of 2~3 weeks without appreciable error due to the presence of 
-_radio-iodine left in the thyroid from previous doses. 

~ §ix rabbits from the same 3-month-old litter were tested at the same time 
once every 2-3 weeks on each of six occasions. The injections of radio-iodine 
were always given at the same time of day and all the doses injected on a given 
day were taken from the same solution. The proportion of the dose in the 
thyroid at 24 hr and the half period of fall were determined after each injection 


(Tables 3 and 4), using the methods described above. 


Taste 3. Percentage of dose in the thyroid at 24 hr in six rabbite 


tested repeatedly 
Test occasion 
xe 2 3 4 5 6 
Days from 
0 19 20 15 16 18 
Rabbit no, Mean 
46 173 15-5 14-0 19-5 16-4 14-9 16-3 
47 18-6 15-5 19-6 21-1 13-4 18-6 
48 23-4 17-5 25-6 19-6 13-9 20-1 
44 17-1 13-1 14-8 21-9 17-2 16-4 16-8 
50 21-9 15-1 23-1 17-4 16-5 17-5 18-6 
| 10-2 10-1 13-8 210 10-7 11-8 12-9 
Mean 18-1 16-3 16-4 20-8 16-9 14-6 17-2 


in six rabbits tested repeatedly 
Test occasion 
Rabbit r A 
no. 1 2 3 4 5 6 Mean 
46 2-1 2-1 20 3-1 3-0 3-0 2-55 
47 6-0 5-1 5-1 8-4 6-4 6-7 6-28 
48 1-8 15 2-1 2-4 2-4 2-7 2-15 
49 3-4 2-9 3-2 41 3-8 43 3-62 
50 2-9 2-9 2-4 3-8 3:4 4:3 3-28 
51 33 3-5 2-9 43 2-9 40 3-48 
Mean 3-25 3-00 2-95 4-35 3-65 417 3-56 


The average percentage uptake in all thirty-six tests was 17-2 (s.p. + 4-0). 
Analysis of the total variance (Table 5) shows that the difference between the 
sets of tests in different rabbits (“between rabbits’ variance) contributed 
significantly to the total variance. There was also a significant ‘between 
occasions’ variance, indicating that some factors tended to affect all the 
rabbits in the same direction at a given occasion. If radiation damage to the 
thyroid were the sole cause of this variation, the effect should increase with 
each dose, and there should be a significant negative correlation between the 
values on a given day and the time since the first occasion. No such correlation 
was present. However, in each rabbit the average of the first five values was 


TasBiE 4. Half period of loss (in days) of radio-iodine from the thyroid 
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greater than the value at the 6th test. There was not a corresponding difference 
between the 5th test and the average of the first four tests. A radiation effect 
beginning between the 5th and 6th tests cannot, therefore, be excluded, 
although the reduced uptake at the end of the experiment may have been due 
to other causes. 


Taste 5, Analysis of the variance of radio-iodine uptake and loss in thirty-six tests on six rabbits 
Sum of Degrees Mean 


Source of variance squares offreedom square Ratio P 
Variance of radio-iodine uptake 
Between rabbits 188-2 5 37-6 4-18 <0-05 
131-9 5 26-6 2-04 <0-01 
8 25 8-99 
Total 544-9 35 
Variance of half period of loss of radio-iodine 
Between rabbits 63-1 5 12-6 24-7 <0-01 
occasions 10-7 5 2-14 4-2 <0-01 
Residual 12-7 25 0-51 — _— 
Total 86-51 35 


The average half period of fall was 3-6 days (s.p.+ 0-85). The major con- 
tribution to the total variance of the half period arose from the variance 
‘between rabbits’, but there was also a significant ‘between occasions’ 
variance. As in the case of the 24 hr uptake, there was not a significant 
correlation between the average of each set of values at a given test occasion 
and the time since the first test occasion. Nor was there a significant difference 
between the average half period of fall in test 6 and the average half period in 
the first five tests. There is, therefore, no evidence of a radiation effect on the 
output of radio-iodine from the thyroid. 


DISCUSSION 


Accuracy of the method. The overall error in the estimate of the 24 hr uptake 
of radio-iodine may be a little greater than that suggested by the results in 
Table 2, because the correction factor derived from Expt. 4, and used in col. (5), 
was based on im vitro measurements assumed to be without error. The small 
error in measuring the quantity of radio-iodine in the dose has also been 
ignored. However, both these errors must be much smaller than those that 
have been considered. It is probable, therefore, that single estimates of the 
24 hr uptake are within +15% of the true value. The error becomes pro- 
gressively greater at earlier intervals, but measurements can be continued for 
several days after the maximum uptake without serious loss of accuracy. 
Statistical errors of counting are only a small component of the total error in 
the estimate at 24 hr. The accuracy with which the maximum uptake can be 
measured would not, therefore, be much improved by increasing the amount 
of radio-iodine in the dose. 
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Radiation dose delivered during the tests. The radiation dose delivered to the 
thyroid of each animal during Expt. 6 cannot be determined accurately. 
However, if we assume average conditions, a rough estimate may be made. 
If the thyroid is assumed to consist of two equal spheres each of radius 2-9 mm 
(calculated from the average weight of the thyroids of five out of the six litter- 
mates), then the total radiation dose at the centre of each sphere, delivered by 
a single test dose, would average about 640 equivalent réntgens when 17-2°%, 
of a 12ye dose is taken up by the thyroid and the half period of fall due to 
biological removal is 3-6 days (Oddie, 1951). Up to the time of the 5th test 
dose, after which a radiation effect cannot be excluded, the centre of the 
thyroid would, therefore, have received about 2600 equivalent réntgens. 

The rate of output of radio-iodine by the thyroid. The rate at which radio- 
activity in the thyroid decreases after the maximum uptake is not a direct 
measure of the rate of output of radio-iodine, because the observed rate of fall 
is determined partly by the re-entry of radio-iodine which has passed through 
the thyroid and reappeared in the circulation as iodide. But if the re-entry 
rate is low, as it must be when the thyroid takes up only 17-2% of the dose of 
radio-iodine (given as iodide), then the output rate is likely to be the most 
important variable affecting the overall rate of fall. 

The variability of thyroid function. The ‘between rabbits’ variance found in 
Expt. 6 is difficult to explain by any technical factor and suggests that there 
were true differences between the rabbits, the thyroid activity of each rabbit 
tending to fluctuate about a characteristic level for several weeks. The ‘between 
occasions’ variance also suggests that there were true differences in the thyroid 
behaviour of a given rabbit at different test intervals. This may have been due 
to some environmental factor not related to the tests, but it could also be 
explained by a non-random technical factor, such as a variation in the amount 
of natural iodide in the stock solutions of radio-iodine. The possibility that 
a cumulative radiation effect began to appear towards the end of the experi- 
ment has already been discussed, but this cannot be proved without further 
tests at the same time intervals. Finally, it is possible that part of the ‘residual 
variance’, i.e. of that due to all causes other than the factors responsible for 
“between occasions’ and ‘between rabbits’ variance, may have been due to 
spontaneous variations in the thyroid activity of a given rabbit. However, the 


expected variation from random technical errors is so high that this cannot be 
concluded with certainty. 


SUMMARY 
1, A method is described for measuring the radio-iodine content of the 
thyroid in living rabbits. 
2. At 24 hr after a 12 uc dose of radio-iodine the error of a single estimate 
is probably about +15%. 
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3. The method was used to measure the variability. of the uptake of radio- 
jodine by the thyroid and its rate of loss in repeated tests on litter-mates. 


I am greatly indebted to Mr N. W. Please of the Department of Statistics, University 
College, for reading through this paper and for making many helpful suggestions; also to 
Mr W. West for looking after the animals and making many of the measurements. 
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It is now well established that cortisone reduces the uptake of radio-iodine by 
the thyroid (Money, Kirschner, Kraintz, Merrill & Rawson, 1950; Frederickson, 
1951), but the mechanism of this inhibition is not understood. The inhibition 
might be due to a direct action on the thyroid, like that of the thiouracil 
group of substances; or it might be caused indirectly through an action like 
that of thyroxine on the pituitary stimulus to the thyroid. 

When thiouracil is given continuously to an animal, the inhibition of thyro- 
xine synthesis causes a reduction in the blood concentration of thyroid 
hormone which, in turn, leads to an increased output of thyrotrophin by the 
pituitary (Astwood, 1945). It is known that thyrotrophin increases the rate 
at which thyroid hormone, already stored in the thyroid, is secreted into the 
circulation (Keating, Rawson, Peacock & Evans, 1945). If, therefore, corti- 
sone has a direct action on the thyroid, partial inhibition by cortisone con- 
tinued for long enough to reduce the blood thyroxine concentration should 
lead to an abnormally rapid passage through the thyroid of any radio-iodine 
that is taken up by it. If, on the other hand, cortisone acts on the pituitary 
stimulus to the thyroid, it should lead to an abnormally slow passage of 
radio-iodine through the thyroid. 

The effects of continued doses of thiouracil, thyroxine and cortisone on the 
uptake and discharge of radio-iodine by the thyroid are compared in the 
experiments described below. 


> 
| METHODS 
Adult male rabbits were used as test animals. They were given M.R.C. diet no. 18 without fresh 
vegetables. The proportion of a dose of radio-iodine taken up in the thyroid at 24 hr and the rate 
of loss of radio-iodine from the thyroid were measured in living animals by a method previously 
described (Myant, 1953). 


* Work undertaken on behalf of the Medical Research Council. 
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Methyl thiouracil was given by mixing 0-2 g with every 100 g of food. This quantity of methyl 
thiouracil was the maximum that the rabbits would eat, but was not enough to cause adequate 
changes in thyroid function. An additional quantity was given by daily subcutaneous injections, 
each of 10 mg of methyl thiouracil in 5 ml. of water. Sodium p1-thyroxine was given intra- 
muscularly as a 0-001% solution in m/50-sodium carbonate, each injection containing 50 yg of 
thyroxine. A fresh solution of thyroxine was used for each set of injections. The radio-iodine was 
given intravenously to eliminate variations in the rate of absorption from the injection site. 
Cortisone, as an aqueous suspension, was given daily by intramuscular injections each of 15 mg, 
the control rabbits receiving the same volume of the suspending solution. The amounts of 
thiouracil, thyroxine and cortisone used in these experiments were found by preliminary tests to 
be sufficient, when given continuously for 2 weeks, to reduce thyroid uptake of radio-iodine to 
about half the normal value. 


RESULTS 
The effect of thiouracil 
One pair of litter-mates was used. Before the thiouracil treatment was started 
both rabbits were given a test dose of 12yuc of radio-iodine. The radio-iodine 
content of the thyroid was then determined at 24 hr and the loss of radio- 
iodine from the thyroid was measured during the next week. Then, during 


Test 1 2 3 4 5 6 (6 weeks 


Weeks 1 2345678901213 18 


Fig. 1. Arrangement of radio-iodine tests during thiouracil treatment and control periods without 
treatment. Heavy black line indicates a period of treatment. Arrow with horizontal line 
indicates an uptake test in both rabbits, followed by measurement of the rate of fall of 
radio-iodine in the thyroid. 


consecutive periods of 3 weeks the rabbits alternately received thiouracil, as 
in Fig. 1. The uptake of radio-iodine by the thyroid was. tested in both rabbits 
at the beginning of the 3rd week of each period, and the loss of radio-iodine 
was followed in both until the end of the period (Fig. 1). Finally, both rabbits 
were tested 6 weeks after the 5th test. At each pair of tests made during the 
treatment period, the treated animal was given 24 uc of radio-iodine and the 
untreated one was given 12 uc. The larger dose was given to the treated animal 
in order to make the total radiation dosage delivered to the thyroids of the 
two animals as nearly equal as possible. 

At each pair of tests during the treatment period, the thyroid of the treated 
animal took up a smaller proportion of the dose than the untreated animal’s 
thyroid and the treated animal’s thyroid showed the more rapid rate of loss 
_ {Table 1). Moreover, in the treated animal the uptake of radio-iodine was less, 
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Taste 1. Percentage uptake and rate of loss of radio-iodine with and without 
thiouracil 


treatment 
Test occasion 

Rabbit cr 

no. l 2 3 4 5 6 
Uptake dose 45 20-8 13-2 24-4 6-2 15-4 2-7 
Pgs 44 24-4 18-9 18-7 27-9 61 25-1 
Half- of loss 45 «38. 23 5:5 3-0 4-2 5-9 
(in days) 44 2-6 4-5 2-0 4:5 1-7 2-5 


Normal type: test without treatment; heavy type: test with treatment. 


~ 


I in thyroid (% max.) 


T Days 34 5 T 
Weeks 


Fig. 2. Output of radio-iodine from the thyroid of rabbit no. 44 (tests 2 and 3) showing the effect 
of thiouracil treatment on the rate of loss of *"I from the thyroid. Thick black line: thiouracil 
treatment; arrow: test dose of I. Log. scale. 


and the rate of loss was more rapid, than in the tests on the same animal made 
before and after the treatment period. A typical pair of consecutive tests is 
_ illustrated in Fig. 2. 

The effect of the thiouracil treatment was to reduce the 24 hr uptake from 
an average of 22-7°%,+1-43 in the eight tests made without treatment to 
11-1% +3-0, in the four tests made at the second week of treatment, and to 
shorten the half period of fall from 4-12 days+0-44 to 2-25 days +0-28. 
It may be argued that tests 45 (3) and (5) and 44 (4) and (6) should be 
excluded from the estimate of the average value in the normal state because 
at 2 weeks after the end of the previous course of treatment the thyroid might 
not have returned to normal. However, if these values are excluded, the 
averages would not be appreciably changed (228% +1-2 and 3-76 days 
+ 0°64). 

If, therefore, cortisone inhibition is due to a thiouracil-like action, an 
amount of cortisone sufficient to halve the 24-hr uptake, when given over 
@ similar length of time, should almost double the rate of fall of radio-iodine 
in the thyroid. 
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The effect of thyroxine 

Four litter-mates were used, two animals receiving the treatment while the 
other two acted as controls. The arrangement of the treatment periods and 
radio-iodine tests was the same as that used in the thiouracil experiments. 
As in the previous experiment, the treated animals were given 24 yc of "I, 
and the untreated animals were given 12 yc. 

Thyroxine is known to be broken down by the body with the release of its 
iodine atoms as iodide. The rate of breakdown is not known exactly, but 
experiments with thyroxine labelled by radio-iodine suggest that the mean 
life of thyroxine molecules in the body tissues may be about 2 or 3 days in 
humans (Myant & Pochin, 1950). Therefore, in any experiment in which 
thyroxine is given continuously for more than a few days, the amount of iodide 
in the animal’s body is likely to be increased during part of the time when the 
observations are made. For this reason, the control animals in the thyroxine 
experiments were given daily injections of 40yug of potassium iodide, con- 
taining an amount of iodine about equal to the amount of iodine in the 50 ug 
of thyroxine given to the treated animals. None of the animals received KI 
at the first test, made 1 week before the beginning of the first treatment period, 
and none was given KI after the end of the 5th test period. 

At each set of tests, both the treated animals took up less radio-iodine in 
their thyroids than the control pair, and the radio-iodine was lost more slowly 
from the thyroids of the treated animals (Table 2). The uptake of radio-iodine 


TaB_z 2. Percentage uptake and rate of loss of radio-iodine with 


and without thyroxine treatment 
Test occasion 
Rabbit — A 

no. 1 2 3 4 5 6 
— as % of 52 16-4 2-3 15-2 6-2 14-2 17-5 
53 19-2 42 13-8 74 13-0 18-3 
54 17°8 8-2 5-2 13-7 3-7 20-1 
55 17-2 15-1 8-6 15-9 8-1 16-7 
Half- of loss 52 2-1 23-2 6-8 8-2 3-8 3-1 
(in days) 53 21 10-3 4-7 13-7 4-7 37 
54 5-7 5-0 19-0 51 10-2 3-9 
55 47 3-9 9-1 43 8-9 3-8 


Normal type: test without treatment (test occasions 1 and 6) or with KI only; heavy type: test 
with thyroxine. 


by the control pair given KI was consistently less than the uptake i, he two 

sets of tests without KI (tests 1 and 6), suggesting that part of the action of 

thyroxine, in the quantities used in this experiment, was due to iodide resulting 

from its breakdown in the body. If this is so, then the amount of inhibition 

caused directly by the thyroxine can best be estimated by a comparison between 

the values in the tests with thyroxine treatment and those with KI treatment. 
19-2 
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The uptake in the eight tests with thyroxine treatment averaged 5-7 % + 0-80 
of the dose at 24 hr and the half period of fall averaged 12-8 days + 1-94, com- 
pared with 13-6 % + 0-50 and 4-8 days + 0-33 in the eight tests with KI. Thus, if 
cortisone inhibition is due to a thyroxine-like action, a continued dose of corti- 
sone sufficient to reduce the uptake of radio-iodine to 40% of the normal value 
should reduce the rate of output to about a third of the control rate. 


The effect of cortisone 

periods of treatment are shown for the first pair in Fig. 3, the groups of tests 
being related to the treatment periods in four different ways. 

(1) Four tests before any treatment had been given (38 (1); 40 (1), (2) 
and (3)). 

(2) Four tests during the 3rd week of a course of treatment. 

(3) Three tests during the 3rd week after the end of a course of treatment 
(38 (3) and (6); 40 (5)). 

(4) Three tests during the 6th week after the end of a course of treatment 
(38 (4) and (7); 40 (6)). 


Test 1 2 3 4 oe 6 7 


Fig. 3. Arrangement of teste with and without cortisone. Symbols as in Fig. 1. 


The same arrangement was used for the other two pairs of rabbits. As in 
the experiments with thiouracil and thyroxine, the treated animals were given 
24 we of radio-iodine and the untreated animals were given 12 yc. 

In the twelve pairs of tests made during a period of treatment (i.e. in the test 
occasions (2), (4), (5) and (7)) the percentage uptake by the treated animals 
averaged 15-2°% + 1-77 compared with 25-2% + 2-30 in the untreated animals 
(Table 3), representing an average inhibition to about 40% below the control 
value. This estimate of the degree of inhibition is justified only if thyroid 
function was at the normal level in those animals which were used as controls, 
but which had already had one or more courses of treatment. The true amount 
of inhibition might, for instance, be overestimated if there were a rebound 
increase in thyroid activity after a period of inhibition or it might be under- 
estimated if thyroid function did not recover fully for several weeks. In the 
whole set of control values, the error due to either of these factors is unlikely 
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Tasce 3. Percentage uptake of a dose of radio-iodine with and 


without cortisone treatment 
Test occasion 


230 230 28 21 27:8 178 106 
15-1 97 18-3 49 86103 170 23-9 
18-5 16-8 73 198 238 
174 100 169 25 1384 8 19-1 19-4 
21-2 19-7 22-7 209 £42244 9-4 


Normal type: test without treatment; heavy type: test with treatment. 


8 9 
233 1146 187 43-1 156 142 216 149 


to be large, because there was not a significant difference between the 
averages of the values before and after treatment (see next section). In the d 
same twelve pairs of tests the half period of loss averaged 4-5 days + 0-49, 7 
\ compared with 2-51 days +0-17 in the untreated animals from the same test 4 
pairs (Table 4). Thus, the effect of a course of cortisone treatment sufficient to 


Taste 4. Half period of loss (days) of radio-iodine in the thyroid with and 
without 


cortisone treatment 
Test occasion 
Rabbit A 

no. l 2 3 4 5 6 7 8 9 10 11 
38 2-6 2-8 2-7 2-8 3-6 4:8 3-1 26 47 34 41 
40 2-8 2-5 2-8 6-1 2-8 30 6-68 
41 2-5 6-0 2-0 2-9 47 5-0 3-1 
39 2-7 3-4 1-9 75 2-1 4-1 49 — 
42 2-4 2-1 2-1 1-6 18 2-2 1-9 
43 3-0 1-9 3-2 5-0 2-0 2-4 41 


Normal type: test without treatment; heavy type: test with treatment. 


® Tasiz 5. Comparison of effects of thiouracil, thyroxine and cortisone on 
24 hr uptake and rate of loss . 
24 hr uptake Rate of loss* 
With 

Treatment Control treatment change Control treatment change 
Thiouracil 22-7 11-1 -51 0-243 0-444 +83 

9 Thyroxine 13-6 5-7 - 58 0-208 0-078 ~ 63 
25-2 15-2 -40 0-398 0-222 


* Expressed as reciprocal of half period of loss. 


inhibit the thyroid uptake of radio-iodine to 40 % below the control value 
is to decrease the rate of loss to about 55 °% of the control rate. The effects of 
{ __ thiouracil, thyroxine and cortisone are compared in Table 5. 

| After-effects of cortisone inhibition. Some of the percentage uptake values in 
the later control period were much higher than those in the tests made before 
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any treatment had been given (compare, for example, test (1) with (4) and (6) 
in rabbit 38). This suggests the possibility of a rebound increase in thyroid 
uptake after a period of inhibition. However, analysis of the whole group of 
thirty control observations (Table 6, test groups (1), (3) and (4)) shows that 
there was not a significant difference between the average uptake in the 
twelve tests made before treatment and the average uptake either at the 
3rd or 6th week after the end of a course of treatment. Similarly, there was 
no significant difference between the average rates of loss in tests made before 
and after treatment with cortisone (Table 6). 


Tasie 6, Average uptake and rate of loss of radio-iodine by the thyroid in groups of tests 
made before, during, and after cortisone treatment 


Mean 
Significance of the half Significance of the 
No. Mean difference between the means* period difference between the means* 
Period of on 


group of test teste Group2 Group3 Group4 (days) Group2 Group3 Group 4 


* The values in these columns give the probability that the difference between the means could have occurred 


Before 12 20-2 Not Not si 26+ 5 Not sig. Not sig. 
0-02 (Poon (P>01) 0-13 (Poot) (Pooh 
3rd week of 


3rd week 9 2664 
after 4-67 0-40 
treatment 
after 3-07 0-25 
treatment 


by chance. Calculations based on the test for differences between small samples of unequal size. 


The variations in the values from the control periods may, therefore, be 
explained by random errors of measurement; but we cannot exclude the 
possibility that cortisone inhibition tends to be followed by a rebound increase 
in some rabbits but not in others. Further tests were made on rabbit 38, in 
which this effect was most strongly suggested, but values as high as those in 
tests (4) and (6) were not observed again (see Table 3). 


DISCUSSION 

The mechanism of cortisone inhibition. In these experiments, cortisone given 
continuously in doses large enough to inhibit the thyroid uptake of radio- 
iodine caused a diminution in the rate at which radio-iodine was lost from 
the thyroid. The low rate of loss in the treated animals was not an effect 
of the radiations from the test doses because the thyroids of the treated 
and control animals received about the same radiation dose. Moreover, the 
thyroids of the thiouracil-treated animals were irradiated to about the same 
extent, but in these there was an increased rate of loss of radio-iodine. The 
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increase in the rate of loss of radio-iodine brought about by thiouracil has been 
shown by others (Wolff, 1951; Perry, 1951). In experiments in which the 
thiouracil treatment is continued after the initial uptake of radio-iodine, the 
effect is probably due to two causes. First, thiouracil blocks the re-entry into 
the thyroid of radio-iodine which has been released from the periphery by the 
breakdown of radio-active hormone; and, secondly, the output of thyrotrophin 
from the pituitary is increased and this increases the rate at which the thyroid 
discharges its hormone. 

The diminished rate of loss in the cortisone-treated animals cannot be due 
to an increase in the rate of re-entry of radio-iodine because the iodine- 
accumulating function of the thyroid must have remained at an abnormally 
low level throughout the 3rd week of the treatment. It follows, therefore, 
that cortisone reduces the rate at which radio-iodine is released from the 
thyroid. In this respect, the inhibitory action of cortisone is qualitatively 
similar to that of thyroxine. Furthermore, a rough quantitative comparison 
between the effects of cortisone and thyroxine shows that for a given degree of 
inhibition of uptake by the thyroid the effect on the rate of loss of radio-iodine 
is about the same. These results suggest, therefore, that cortisone and thyroxine 
act at the same level in the chain of events controlling the formation and 
secretion of the thyroid hormone. The action of a substance which diminishes 
the rate of secretion of the thyroid hormone is most simply explained by 
supposing that the pituitary stimulus to the thyroid is reduced. There is ample 
experimental evidence that this is the way in which thyroxine inhibits the 
thyroid, but there is disagreement about the extent to which thyroxine 
inhibition is due to blocking the release of thyrotrophin from the pituitary 
(Griesbach & Purves, 1945), or to an action against thyrotrophin after it has 
reached the circulation (Cortell & Rawson, 1944). Either or both of these 
actions would explain the effects of cortisone observed here. Hill, Reiss, 
Forsham & Thorn (1950) have shown that cortisone inhibition of the thyroid 
can be reversed by thyrotrophin, and they have concluded that cortisone 
probably acts by inhibiting the pituitary. But their results could be explained 
equally well by a quantitative reaction between thyrotrophin and cortisone. 
Woodbury, Ghosh & Sayers (1951) have reported that cortisone reduces the 
thyroid-stimulating activity of thyrotrophin injected into the hypophysecto- 
mized rat. Since the amounts of cortisone they gave were comparable, on 
a weight for weight basis, with the amounts given to the rabbits in these 
experiments, the whole of the cortisone effect on the rabbit’s thyroid could 
be explained by an action against thyrotrophin after it has been secreted. 
Observations, to be reported later, on the histological changes in the pituitaries 
of cortisone-treated rabbits support this explanation. 

After-effects of cortisone inhibition. It would be reasonable to expect that 
after a period of inhibition continued for long enough to reduce the concentra- 
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tion of thyroxine in the circulation and thus to stimulate the pituitary, there 
might be an increase in thyroid activity above the normal level when the 
inhibitory influence is withdrawn. 

The experiments described here were designed with this possibility in mind. 
It is known that the pituitary response to thyroxine deficiency induced by 
thyroidectomy is well developed in rabbits by the 3rd or 4th week (Griesbach, 
1952, personal communication). If cortisone inhibits the pituitary stimulus to 
the thyroid, any increase in pituitary activity that may be caused by the 
inhibition of thyroid function, would not begin to affect the thyroid until after 
the cortisone treatment had been stopped. It seemed likely, therefore, that 
@ post-inhibition rebound would be most readily detectable between the 3rd 
and 6th weeks after the end of the treatment. Tests at these intervals did not 
provide definite evidence of a rebound increase, although the average values 
after treatment were higher than those before treatment. A small rebound 
effect at these intervals cannot, therefore, be excluded, and it is also possible 
that a significant effect might have been found if it had been looked for at 
earlier intervals after the end of the treatment. 


SUMMARY 

1. A comparison was made of the inhibitory actions of thiouracil, thyroxine 
and cortisone on the uptake and rate of loss of radio-ioding by the thyroids of 
living rabbits. 

2. Cortisone, in doses sufficient to reduce the percentage uptake of a test 
dose of radio-iodine, reduces the rate at which radio-iodine is discharged from 
the thyroid. In this respect, cortisone resembles thyroxine but differs from 
thiouracil, which increases the rate of discharge of radio-iodine. 

3. A rebound increase in thyroid uptake after cortisone inhibition may 
occur in some rabbits. 

4. The possible ways in which cortisone may inhibit the thyroid are 
discussed. 


I am grateful to Mr W. West for making many of the measurements. 
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FRACTIONATION OF THE SMOOTH MUSCLE STIMULANTS 

PRESENT IN EXTRACTS OF GASTRO-INTESTINAL TRACT. 

IDENTIFICATION OF 5-HYDROXYTRYPTAMINE AND ITS 
DISTINCTION FROM SUBSTANCE P 


By C. E. DALGLIESH, C. C. TOH* anv T. 8. WORK 
From the National Institute for Medical Research, Mill Hill, London, N.W.7 


(Received 12 August 1952) 


Extracts of the gastro-intestinal tract contain a number of smooth-muscle 
stimulating substances, three of these being choline, acetylcholine and 
histamine. Smooth-muscle preparations rendered insensitive to all three 
substances by suitable inhibitors are still stimulated by crude extracts, and 
at various times efforts have been made to characterize the active substances 
present in such extracts. The situation has been confused by the invention of 
a series of names for these unidentified smooth-muscle stimulants without the 
provision of satisfactory evidence that each name represents a chemical entity. 
Ivy & Oldberg (1928) attributed the activity to cholecystokinin; Euler & 
Gaddum (1931) obtained an active extract to which they gave the name 
‘substance P’; Kokas & Luddny (1933) called their active preparation 
villikinin, and finally Erspamer (1940) added the name enteramine. Each of 
these names has been regarded as representing a separate substance, but 
evidence for this view has not always been convincing. 

In the present investigation we have been able to show that the enteramine 
activity of extracts of the gastro-intestinal tract is due to 5-hydroxytryptamine 
and that these extracts contain another smooth-muscle stimulating substance 
which is probably an indole derivative of related structure. Evidence is also 
presented that the substance P activity of crude extracts is not due to 
5-hydroxytryptamine. 

During the later course of our investigation, Erspamer & Asero (1951, 1952) 
announced the isolation of 5-hydroxytryptamine from extracts of the posterior 
salivary glands of octopus and from the skin of amphibia. Their identification 
of 5-hydroxytryptamine with enteramine has been confirmed by our charac- 
terization of the substance from mammalian intestine. 5-Hydroxytryptamine 


* Singapore, Colonial Development and Welfare Scholar. 


> 
i 
f 
P 
d 
q 
7 
- 


6-HYDROXYTRYPTAMINE IN DIGESTIVE TRACT 299 


has also been isolated from beef serum under the name of serotonin (Rapport, 
1949). 
Substance P and 5-hydroxytryptamine have been shown to have different 
pharmacological activities. 
MATERIALS AND METHODS 


In the absence of any knowledge of the nature of substance P and of enteramine, it was 

in the first instance to prepare a crude concentrate of each and to assign to this a standard 
potency. This had to be done despite our belief that in measuring our standard by a suitable 
physiological response we might well be measuring a summation of responses due to several 
different materials. 

Standard preparation of substance P. Small intestine from the horse (10 kg) was cleaned, minced 
and extracted with water (20 1.) containing a trace of HCl (pH about 3-0). The method of Euler 
(1942) for the preparation of substance P was then followed as far as the precipitation with 
saturated (NH,),SO,. The dried precipitate weighed 12 g. In order to remove ammonia, the solid 
extract (12 g) was suspended in water (50 ml.) and NaOH added to pH 8-0. Ethanol (250 ml.) 
was added and the alcoholic solution was heated at 35-40° in vacuo until no more ammonia was 
evolved. The ethanol which had evaporated was replaced and the solution stored at 0° for 20 hr. 
The precipitate was discarded and the filtrate taken to dryness in vacuo. The residual powder 
(5 g) was the standard preparation of substance P. 

Assay of the powder on a guinea-pig ileum preparation before and after treatment with 
mepyramine showed the presence of a small histamine-like reaction equivalent to less than 
0-04 yg histamine/mg powder. The preparation was free from detectable amounts of acetylcholine 
and choline. 

Standard preparation of enteramine. A dog was bled under pentobarbitone and the small 
intestine removed. The tissue was irrigated with tap water and freed, as far as possible, from 
mesenteric fat. The intestine was slit longitudinally and the surface of the mucosa swabbed with 
dry cotton-wool. The mucosa was scraped from the submucosa and muscularis propria with 
a large scalpel and transferred to a blender. The homogenate from the blender was poured into 
cold acetone (3-5 vol.) and the suspension stored at 0° for 48 hr with occasional stirring. The 
suspension was filtered, acetone was removed in vacuo without raising the temperature above 35° 
and the residual aqueous solution was extracted twice with half its volume of light petroleum 
(b.p. 60-80°) and twice with half its volume of ethyl acetate. Dissolved ethyl acetate was 
extracted from the water layer with peroxide-free ether and the dissolved ether removed in vacuo. 
From 219 g mucosa treated in this way we obtained 2-266 g solids. 


Assay of substance P and enteramine 


Substance P activity was assayed on the guinea-pig ileum suspended in 18 ml. Tyrode solution, 
and rendered insensitive to acetylcholine and choline by atropine and to histamine by mepyramine 
(Douglas, Feldberg, Paton & Schachter, 1951). The extract was kept in the bath for 60 sec before 
being washed out by overflow. Successive tests were made at intervals of 4 min. A contractile 
response was obtained with 200 yg of standard preparation of substance P. Discrimination between 
increasing doses of substance P was not sharp; a dosage difference of 20% could not be detected 
with certainty, but a difference of 30% was always detectable. It will be shown elsewhere that 
this kind of assay of substance P activity becomes inaccurate when extracts contain a high 
proportion of enteramine activity as well, and that the preparation has then to be rendered 
insensitive to enteramine (Feldberg & Toh, 1953). 

Enteramine. Erspamer (1940, 1948) used for the routine assay of enteramine a uterus prepara- 
tion obtained from ovariectomized rate brought into oestrus by injection of ovarian hormone. 
This procedure was regarded as cumbersome and satisfactory results were obtained with the rat’s 
colon. 
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Use was made of the observation of Garcia de Jalon, Bayo Bayo & Garcia de Jalon (1945) that 
the spontaneous activity of rat smooth muscle (uterus) could be reduced by lowering the tempera. 
ture and Ca++ content of the bathing solution. A rat's colon, the part nearer the caecum, was 
suspended in 18 ml. of solution of the following composition: NaCl 9-0, KCl 0-4, CaCl, 0-03, 
NaHCO, 0-15, glucose 1-0 g/l. (Gaddum, Peart & Vogt, 1949). The temperature of the bath was 
22-24°. With this preparation there was no response with histamine up to 100yug. Response to 
acetylcholine was abolished by atropine. A strong contraction was produced in the presence of 
atropine by 0-4 mg of our standard preparation of enteramine. This quantity was then designated 
as one unit. The test sample was left in the bath for 1-25 min and successive teste were made at 
intervals of 4-5 min (see Fig. 1). 


12mg yg Weg 12mg 
Fig. 1. Rat’s colon suspended in 18 ml. saline solution (Gaddum ef al. 1949) containing 0-5 pg 
atropine sulphate. Test substances were added to the bath at 4-5 min intervals and kept 
in the bath for 1-25 min. 8 =standard preparation of enteramine (see text). T, fraction 
from a counter-current distribution experiment. ACh =acetylcholine. Ch =choline. 


RESULTS 

Fractionation of enteramine concentrates 
An aqueous solution of our standard preparation was stable at 100° over the 
range pH 3-7, but in more acidic or alkaline solufions it was destroyed. The 
activity was not extractable from aqueous solutions by benzene, ether, 
chloroform, ethyl acetate or light petroleum, but was extractable by n-butanol, 
tsobutanol, sec.-butanol or ethyl methyl ketone. Various solid absorbents 
such as charcoal, kieselguhr and alumina were tried in the hope that one or 
another might be useful in purifying the active principle, but in every case 


the solid either failed to adsorb the active component, or if it did so we failed 
to find a suitable elution procedure. 
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Counter-current distribution. The observation that enteramine activity could 
be extracted from aqueous solutions by some organic solvents suggested the 
possibility of applying the counter-current methods of Craig (1949) or Bush 
& Densen (1948). Preliminary experiments showed that the distribution of 
enteramine between water and n-butanol was not sensitive to small changes 
in pH and accordingly, in large-scale experiments, water and n-butanol were 
used as the two phases without any buffer. 

Experiments using the method of Bush & Densen (1948) and a three-funnel 
distribution between water (1 vol.) and butanol (2 vol.) suggested a partition 
coefficient of the active component in favour of butanol. A mucosal extract 
prepared by the method used for the standard enteramine preparation 
(976 mg) was then partitioned in a 12-tube all-glass counter-current apparatus 
of the type described by Craig & Post (1949). The heavier phase was water- 
saturated with butanol (92 ml.) and the lighter moving phase, butanol 
saturated with water (25 ml.). The sample was dissolved in the lower phase of 
tube 1 and all the other tubes filled with lower phase only. After equilibration 
of the two phases in tube 1 the upper phase in this tube was transferred to 
tube 2 and replaced by fresh water-saturated butanol. The process was 
repeated until all twelve tubes contained a fully equilibrated two-phase 
system and the total contents of each tube were then evaporated to dryness 
in vacuo below 35° C. The dry material in each tube was weighed, dissolved in 
water and assayed on the atropinized rat colon. The results are shown in 
Table 1. 


Taste 1. Counter-current fractionation of acetone extract of dog intestinal mucosa partitioned 
between butanol and water. Twelve-tube fractionation; upper layers 25 ml., lower 92 ml. 


Total solids Activity Total activity 
Tube no. (mg) (units/mg) in tube (units) 
1 726 0-33 242 
2 94-4 
3 27:2 1-3 35-6 
4 12-3 19 23-4 
5 6-6 4-0 26-4 
6 41 6-7 27-5 
7 1-1 53-3 58-6 
8 1-2 53-3 63-9 
9 2-0 26-3 52-6 
10 31 10-0 310 
ll 91 1-2 10-8 
12 6-8 1-1 75 
Total recovery 894 — 599-3 
Total before 976 — 1180 
fractionation 
(For definition of the unit see text.) 


From the data given in Table 1 it seemed probable that two active sub- 
stances were present in the standard enteramine preparation, and that one of 
these was readily extractable from water into butanol. 
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Fractionation of extracts of horse’s small intestine 

To confirm the suggestion of the existence of two active components in the 
standard enteramine preparation it was necessary to fractionate a larger 
quantity of material. It was not possible to obtain sufficient material for this 
purpose from a single dog, and further experiments were therefore made using 
extracts of horse intestine. 

The small intestine from a horse (4 kg) was minced and extracted with 
cold acetone in the usual way. The acetone extract was concentrated to 
about 11. and extracted three times with half its volume of light petroleum 
(b.p. 60-80° C) and thrice with similar volumes of ethyl acetate. The residual 
aqueous phase contained 38 g solids. It was concentrated in vacuo to 400 ml. 
and extracted eight times with 20 ml. lots of butanol. The butanol extracts 
were combined and evaporated in vacuo below 45° C. The residue was dissolved 
in cold methanol (20 ml.) and filtered after 45 min at 0° C. The solid (1 g) was 
discarded and the filtrate taken to dryness in vacuo. The residue (2-98 g) was 
dissolved in water (100 ml.), and a portion assayed on the atropinized rat 
colon for enteramine activity and compared with the standard enteramine 
preparation from dog mucosa. The total activity in 2-98 g was equivalent to 
about 20,000 units of the standard preparation. 

Counter-current distribution. Fractionation was carried out in the 12-tube 
all-glass apparatus already described. Instead, however, of a 12-stage 
fractionation, the method of Bush & Densen (1948) was followed so that twelve 
butanol (each 41 ml.) and twelve water (each 92 ml.) fractions were obtained. 
The fractionation was begun with all the material (2742 mg) in the water phase 
of tube 1 and the distribution of material and of activity in the vic. iste 
fractions is shown in Table 2. 

The distribution of activity again suggested the presence of at least two 
active components in the enteramine concentrate. The considerable loss in 
total activity may be due to partial decomposition of the active principles, or 
possibly also to the action of one of the active principles being potentiated by 
the presence of the other. 


Distunction between enteramine concentrates and substance P 


It seemed possible that one or other of the activity peaks in the counter- 
current fractionation (Table 2) might be due to substance P, and a comparison 
was therefore made between the pooled aqueous fractions 2-6, hereafter 
designated FA, the pooled butanol fractions 16-22, designated FC, and the 
standard preparation of substance P (p. 299). The following tests were used: 
(a) Guinea-pig ileum preparation in a bath of magnesium-free Tyrode solution 
(18 ml.) containing atropine (0-4.g) and mepyramine (0-4.g). The substance 
under test was left in contact with the preparation for 90 sec and then washed 
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out. (b) Rabbit small intestine preparation in magnesium-free Tyrode solution 
(18 ml.) containing atropine (0-5ug). Each test sample was washed out after 
1-5-2 min. (c) Atropinized rat colon preparation; the conditions for use of 
this preparation with enteramine concentrates have already been described 
(p. 299). Owing to the considerable latent period with substance P, samples 
were kept in the bath for up to 2-5 min. (d) Blood pressure test on rabbit. 
Taste 2, Counter-current fractionation of acetone extract of horse small intestine 


partitioned 
upper layers 41 ml., lower 92 ml. 


Total activity 
Total Activity in 

Fraction no. (mg) (units/mg) (unite) 
Water 1 1373-5 0-3 412 
2 380-8 3-3 1257 
3 186-5 70 1305 
4 107-8 8-0 860 
5 728 8-5 604 
6 53-5 10-0 535 
7 27:8 10-0 278 
x 25-0 16-0 460 
19-3 20-0 386 
10 16-0 29-2 467 
ll 113 26-7 302 
12 11-2 30-0 336 
Butanol 13 6-0 35-0 210 
14 5-9 44-4 262 
15 6-2 28-5 177 
16 9-6 20-0 192 
17 71 40-0 284 
18 8-2 40-0 328 
19 76 . 670 433 
20 43 62-5 269 
21 75 55-0 413 
22 115 12-5 144 
23 18-2 4-4 80 
148 31 46 
Total recovery 2392-4 10040 
Total before 2742 — 18370 

fractionation 
(For definition of the unit see text.) 


The depressor effect of each sample on the arterial blood pressure of the rabbit 
was measured under pentobarbitone anaesthesia after intravenous injection 

of atropine (1 mg/kg) and mepyramine (1 mg/kg). The effects of FA, FC and 
our standard preparation of substance P are compared in Table 3. 

Neither FA nor FC showed the latency period on the rat colon preparation 
characteristic of substance P and, although on this preparation both FA and 
FC were very much more active than substance P, they were not significantly 
more active than substance P in any of the other tests. It was concluded, 
therefore, that fractions FA and FC contained smooth-muscle stimulating 
substances different from that present in substance P and most effectively 
assayed on the rat colon preparation. Small qualitative differences between 
the responses to the different samples were also observed, but since all three 
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samples were relatively crude concentrates, all possibly containing more than 
one smooth-muscle stimulating substance, it is inadvisable to attach too much 
significance to these differences. A trial partition of the standard preparation 
of substance P between butanol and water suggested that the preparation 
contained at least two smooth-muscle stimulating substances. This point has 
not been pursued. 5 
Taxiz 3. Comparison of the pharmacological activity of substance P, enteramine fraction FA and 
enteramine fraction FC. (The figures refer to the weight of each substance required to produce 
comparable responses in each test.) 


Amounts giving equal response 

FA (mg) P (mg) FA:P 
Rabbit's blood pressure 10 10 1:1 
Guinea-pig’s ileum 10 10 1:1 
Rabbit's intestine 1-7 0-5 1:03 
Rat’s colon 0-1 2-0 1: 20 

FC (mg) P (mg) FC:P 
Rabbit's blood 0-5 10 1:2 
Guinea-pig’s ileum 0-6 1:10 
Rabbit’s intestine 0-05 (O65 1:10 
Rat’s colon 0-015 10 1: 66 


Identification of 5-hydrozytryptamine in extracts of small intestine 

While experiments were in progress on the further purification of fractions 
FA and FC, Erspamer & Asero (1951, 1952) reported the isolation of 5-hydroxy- 
tryptamine from octopus salivary gland and suggested that it was identical 
with enteramine. Since our enteramine preparation appeared to contain two 
smooth-muscle contracting substances, it seemed possible that one of these 
might be 5-hydroxytryptamine; further experiments confirmed this suspicion. 

Preparation of concentrate. The first 10 ft. of pig small intestine were cleaned, 
freed from fat, minced (6-3 kg) and extracted with cold acetone in the usual 
way. The acetone extract was concentrated to about 11. and washed thrice 
with its own volume of light petroleum (b.p. 60-80°). The pH of the aqueous 
solution was adjusted to 4-7. 

Electrodialysis. The apparatus used was a four-chamber cell of the type 
described by Synge (1951). The enteramine concentrate (400 ml.) was placed 
in chamber 2, no. 1 being the cathode. The other chambers were filled with 
0-01 n-HCl and a potential difference of 200 V applied across the electrodes 
(platinum). The pH of the cathode compartment was kept below 8 by frequent 
addition of small lots of 2n-HCl. After 2 hr the cathode solution was replaced 
by fresh 0-01 n-HCl and electrodialysis continued for another 2 hr. During 
electrodialysis samples were withdrawn and tested on the atropinized rat 
colon. Chambers 3 and 4 never contained any active material. The initial 
activity of chamber 2 declined and activity appeared in the cathode compart- 
ment. The two cathode solutions were combined, adjusted to pH 4-5 and 
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concentrated in vacuo. The whole of the enteramine extract processed in this 
way gave 170 ml. of concentrated catholyte. 

Counter-ourrent fractionation. The concentrated catholyte was fractionated 
by the method already described for the extract from horse intestine. Twelve 
butanol fractions (46 ml. each) and twelve water fractions (92 ml. each) were 
collected, and the information given in Table 2 was used as a guide in grouping 
the various fractions. Water fractions F,, F, and F, were kept separate and 
concentrated in vacuo below 35° C. Fractions F,_,, F,_, and F,,_,. and butanol 
fractions F'y5_155 F aNd Were grouped and similarly concentrated. 

Paper chromatography. No quantitative estimation was made of the bio- 
logical activity of the various fractions from the counter-current fractionation, 
nor were the total solids estimated. A small sample from each concentrate 
was transferred to Whatman no. 4 or no. 1 paper, and the correct quantity 
for chromatography found by trial. Synthetic 5-hydroxytryptamine and 
tryptamine were used as reference substances and one-dimensional chromato- 
grams (descending) were developed with butanol-acetic acid (4:1:5 mixture 
of Partridge, 1946). No. 4 paper was found most suitable for fractions 1-12 
and no. 1 paper for fractions 13-24. After drying, the papers were sprayed 
with one or other of the following reagents: Ehrlich’s p-dimethylaminobenz- 
aldehyde reagent (Dalgliesh, 1952), Pauly’s diazotized sulphanilic acid reagent 
(Dalgliesh, 1952), the Folin-Denis reagent for phenols (Folin & Denis, 1912), 
ninhydrin or silver nitrate. 


Aqueous fractions: identification of 5-hydroxytryptamine 

The aqueous fractions F,, F,, F,_,, F,_, and Fy>_,, all contained a substance 
which had the same Ry value (0-40) in butanol-acetic acid on Whatman no. 4 
paper as 5-hydroxytryptamine. As judged by colour intensity in reaction with 
Ehriich’s reagent, the main bulk of this substance was concentrated in F, and 
F,_,. Reference to Table 2 showed that the main peak of biological activity 
was to be expected in these fractions from a counter-current distribution, and 
further experiments were therefore made to show, first, that these fractions 
did in fact contain 5-hydroxytryptamine and, secondly, that their biological 
activity on the rat colon preparation was due to this substance. Tables 4 and 5 
give the results of paper chromatography of samples of F,_, developed with 
different solvents, sprayed with all five colour reagents and compared with 
5-hydroxytryptamine. 

F,_, was also mixed with 5-hydroxytryptamine, and attempts were made to 
separate the two substances by paper chromatography in various solvents. 
No separation could be demonstrated. 

From these results it seemed clear that the phenol present in F,_, was indeed 
5-hydroxytryptamine and larger scale paper chromatographic fractionation 
was therefore used to find if the biological activity of fraction 4-6 on the rat 
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colon preparation was entirely due to this phenol or whether other substances 

not capable of giving colour reactions with our reagents were responsible for 

part of the activity. 

Taste 4. Ry values of fraction F,_, from counter-current fractionation of enteramine concentrate 
compared with the behaviour of 5-hydroxytryptamine and related compounds 


Solvent ... Phenol-water* Butanolf- Butanolf— Pyridine{- §Propanol||— 
acetic acid acetic acid amylaloohol ammonia 
no, 4 no. 1 no. 4 
Hydroxytryptamine 0-40 0-33 ‘O77 
ee 0-92 0-66 0-58 — 0-91 
0-37 0-39 — 
Noradrenaline 0-32 0-30 0-20 
Fraction F,, 0-69 0-40 0-33 0-69 0-77 


Butanol, acetic acid, :1:5(¥ 
| ) (de Verdier & Agren, 1948). 


Propanol, 0-88 NH,, water 60 : 30 : 10 (v/v) (Hanes, Hird & Isherwood, 1950). 


Tasie 5. Colours produced by spraying paper chromatograms of fraction F,., from counter- 
current fractionation of enteramine concentrate with various reagents and comparison with 


colour produced by 5-hydroxytryptamine and related compounds 


Reagents 

Compounds Ninhydrin AgNO, Ehrlich Pauly Folin- Denis 
redaction purple beak fed 
Norsdrenaline — Immediate = Salmon pink before 
Adrenaline — ‘Immediate Salmon pink 
Fraction F,, Weak grey Purple becoming Immediate before alkaline 


red spray, 
intensity afterwards 


About one-fifth of the remaining material of fraction F,_, was deposited on 
a 75 x 75 cm sheet of Whatman no. 4 paper as a strip about 1 x 50 cm parallel 
to and 10cm from one edge of the paper. Synthetic 5-hydroxytryptamine 
and tryptamine were used as markers on the strips of paper remaining on 
either side of the 50 cm line of F,_,. The sheet was irrigated overnight with 
butanol-acetic acid, dried and the two reference strips with the markers 
sprayed with Ehrlich’s reagent. The sheet was cut into eight parallel strips, 
the cuts being made at 10, 23, 26, 31, 34, 42 and 50 om from the starting line. 
Each strip was eluted separately and the eluate assayed on the atropinized 
rat colon. The material from the 26-31 cm strip (about 12 mg) gave a strong 
contraction at a dose of 20 ug. None of the other strips yielded active material. 
Reference to the markers showed that the material in the 26-31 em strip had 
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the same Ry as 5-hydroxytryptamine. This material was also tested for its 
effect on a guinea-pig ileum preparation and on the arterial blood pressure of 
the rabbit. Table 6 shows the results of these tests and of comparison with 
5-hydroxytryptamine. Although our material was still impure, it showed, 
qualitatively, the same action as synthetic 5-hydroxytryptamine. 


Tastz 6. Comparison of the pharmacological activity of 5-hydroxytrypt ine and 


eluate from strip 26-31 
Amounts giving equal response 
5-OH-tryptaminet ate 
Test* (ae) (ug) Activity ratio 
Rat colon 1-2 20 17:1 
Guinea-pig ileum 0-44 10 23:1 
Rabbit pressure 20-0 450 23:1 


* For details of tests see text, p. 299. 
+ As creatinine sulphate com 
The results given in Table 3 had shown that two smooth-muscle stimulating 

substances could be distinguished from one another by their different degrees 
of activity in different types of biological test. These tests were now applied to 
the active eluate from the paper. It was found (Table 6) that the ratio of the 
activity of pure 5-hydroxytryptamine to activity of eluate was constant within 
the limits of experimental error. 


Butanol fractions: unidentified active principle 

chromatograms of the butanol fractions from the counter- 
current distribution (Fy5_15, Fp; and made by the methods 
already described, showed a weak spot in the position occupied by 5-hydroxy- 
tryptamine and, in addition, a second spot (R, 0-77) further from the origin 
but giving much the same colour reactions. As judged by intensity of colour, 
this substance was mainly concentrated in F,,_,, and F,_,,. Reference to 
Table 2 shows that a second peak of biological activity might be expected in 
this region. The whole of the material in F,,_,, and F>_,, was transferred to 
a sheet of Whatman no. 4 paper (75 x 75 cm) as a narrow band 50 x 1 cm and 
developed with butanol—acetic acid as described above. Markers of 5-hydroxy- 
tryptamine and tryptamine were used as before. The sheet was cut into five 
strips, the cuts being made at 20, 30, 45 and 51 cm from the origin. Strip 
20-30 contained the 5-hydroxytryptamine marker and strip 45-51 the 
unknown phenol which we shall refer to as substance C. Each strip was 
eluted and the eluate tested on the isolated guinea-pig ileum in the presence 
of atropine and mepyramine. The eluate from strip 0-20 was inactive, the 
eluate from strip 20-30 had activity equivalent to about lug 5-hydroxy- 
tryptamine. Samples of eluates from strips 30-45 and 45-51, particularly the 
latter, caused considerable smooth-muscle contraction. Although tryptamine 
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could not be detected in these eluates by paper chromatography, it seemed 
just possible that the observed activity of strips 30-45 and 45-51 was due to 
this base; observation of the qualitative nature of the contraction showed, 
however, that this was not so. Both 5-hydroxytryptamine and tryptamine 
produced in the mepyraminized, atropinized guinea-pig ileum an immediate 
contraction which is not maintained beyond 45 sec, even if either substance 
is left in the bath. When the eluate from strip 45-51 was added to the bath, 
contraction occurred after a latent period of 20-60 sec and the contraction 
was maintained, with a smaller superimposed rhythmic contraction, as long 
as the eluate was kept in the bath. 

We have not yet had enough of this material to make a full examination of 
its pharmacological properties. It gives positive colour reactions with Ehrlich’s, 


Folin-Denis’s and Pauly’s reagents similar to 5-hydroxytryptamine. 


DISCUSSION 


When this investigation was begun, little was known as to the nature of the 
two smooth-muscle stimulating substances enteramine (Erspamer, 1940) and 
substance P (Gaddum & Schild, 1934). Recent work (Fischer & Vogt, 1950) 
has suggested that substance P may be a mixture of peptides. 

The notes of Erspamer & Asero (1951, 1952), in which they reported the 
isolation of 5-hydroxytryptamine and suggested that it was identical with 
enteramine, were of great assistance to us in the final identification of one of 
the active principles concentrated from extracts of mammalian intestine. This 
principle had the same Ry value as 5-hydroxytryptamine in four different 
solvent systems, showed the same colour reactions with five colour reagents 
and gave the same pharmacological responses as 5-hydroxytryptamine. Thus, 
although we did not isolate a crystalline specimen, there is no doubt that one 
of our concentrates was mainly 5-hydroxytryptamine. 

Our results also make it clear that acetone extracts of small intestine contain 
a second smooth-muscle stimulating substance and we therefore suggest that 
the name enteramine should now be dropped in favour of 5-hydroxytrypta- 
mine. The nature of the second active component present in acetone extracts 
of intestine is not clear but it seems likely from its behaviour with various 
colour reagents that it is chemically related to 5-hydroxytryptamine. We 
suggest that no name should be given to this substance until its nature is 
known, and meanwhile we shall refer to it as fraction C. Under the conditions 
of extraction used in these experiments it is a relatively minor component. 

5-Hydroxytryptamine (serotonin) has previously been obtained from 
mammalian blood (Rapport, 1949; Rand & Reid, 1951), and the present work 
suggests that it may be rather widely distributed in animal tissues. Although 
it is characterized pharmacologically by its smooth-muscle stimulating effects, 
it cannot be concluded that this is its main function. 
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SUMMARY 


1. A technique using the isolated rat’s atropinized colon is described for 
assaying the smooth-muscle stimulating activity of acetone extracts of the 
small intestine. 

2. By submitting the acetone extracts of small intestine to counter-current 
fractionation and assaying the fractions on the rat’s atropinized colon, it is 
shown that there are two active principles. 

3. One of these active principles is identified as 5-hydroxytryptamine by 
means of paper chromatography. 

4. The other active principle has not been isolated but is related to 
§-hydroxytryptamine. 

5. Substance P is distinct from these indole derivatives. 


We wish to thank Dr R. K. Richards of Abbott Laboratories for providing a sample of serotonin 
creatinine sulphate. 
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THE RESPIRATORY STIMULANT ACTION OF 5-HYDROXY- 
TRYPTAMINE (SEROTONIN) IN THE DOG 


By W. W. DOUGLAS ann 0. 0. TOH* 
From the National Institute for Medical Research, Mill Hill, London, N.W.7 
(Received 19 August 1952) 


Reid & Rand (1951) have reported that 5-hydroxytryptamine causes apnoea 
in the cat. In experiments on dogs we have not observed respiratory inhibition 
but have always found that 5-hydroxytryptamine stimulates respiration. The 
present paper describes and analyses this effect. A preliminary account of our 
findings was given to the Physiological Society in May of last year (Douglas & 
Toh, 1952). At the same time a note by Page (1952a) appeared which also 
reported the respiratory excitant effect of serotonin in the dog. 


METHODS 


Dogs under pentobarbitone (nembutal) anaesthesia were used. The trachea was cannulated and 
respiration recorded either by measuring movements of the chest with a stethograph and tambour 
or by measuring tidal air volume using a closed circuit spirometer. Blood pressure was recorded 
from the femoral artery. 

Intravenous injections were made into the femoral vein. Injections were made into the common 
carotid artery via the cannulated superior thyroid artery and into the femoral artery via a super- 
ficial branch coming off some little distance below the inguinal ligament. 

Injections into the right auricle were made through a fine, stainless-steel catheter which was 
passed down the right external jugular vein until ite tip had entered the auricle. For injection into 
the left ventricle a similar catheter was passed down the left common carotid artery until ite tip 
had entered the left ventricle. In each case the catheter was filled with a saline solution of 
5-hydroxytryptamine (200pg/ml.). By injecting 0-5 ml. of this solution into either catheter, 
100 ug 5-hydroxytryptamine could be passed into the heart. A post-mortem examination con- 
firmed the correct positioning of the tips of the catheters in the chambers of the heart. 

In two experiments the carotid body region was prepared so that it remained innervated only 
by the sinus nerve, and in such a way that substances could be injected into the region without 
their reaching the systemic circulation. In these experiments the following procedure was adopted. 
The right common carotid artery was mobilized and all its branches except the external carotid 
were tied off. A cannula, fitted with a screw clamp and arranged to drain into a beaker, was 
inserted into the cardiac stump of the lingual artery. Between teste this cannula was kept 
occluded and the arterial flow through the sinus region passed into the systemic circulation by 
way of the patent external carotid. During tests the external carotid was occluded by a bulldog 
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clip and the flow through the sinus region directed through the cannula in the lingual artery to a 
beaker. The flow through the cannulated lingual branch was adjusted to be the same for each test 
(about 4 ml./mm). Previous experiments on cats (Douglas, 1952) have shown that results obtained 
from carotid body preparations are improved if provision is made to drain off the venous blood 
from the carotid body region. In these experiments on dogs one of the veins draining the carotid 
body region (see Chungcharoen, Daly & Schweitzer, 1952) was cannulated and allowed to drain 
continuously into a second beaker. Thus the substance injected during any test did not gain access 
to the systemic circulation but passed only to one or other of the beakers. 

Limb circulation time was estimated by measuring the difference in latency between the 
respiratory responses to 2 ug of lobeline injected first into the femoral artery and then into the 
femoral vein. 

The 5-hydroxytryptamine used was in the form of a creatini Iphat lex and tryptamine 
as the hydrochloride. Unless otherwise stated, the amounts of substances used refer to the salts. 
1 mg 5-hydroxytryptamine creatinine sulphate is approximately equivalent to 0-5 mg of the base. 


I 
Injections of 25-200 ng 5-hydroxytryptamine into the femoral vein stimulated 
respiration in each of eight dogs. With threshold doses the response was usually 
a single gasp, but with larger doses the effect was more prolonged, both the 
rate and depth of breathing being increased (Fig. 1). 


Fig. 1. Dog, 3, 12-7 kg. Pentobarbitone. Records: respiration (spirometer), blood pressure, 


injection signal and time (10 sec). The effect of 5-hydroxytryptamine injected intravenously 
(4) 100 yg, (b) 200 pg. 


The threshold dose varied from dog to dog and appeared to depend on the 
level of anaesthesia, so that the threshold was raised and less vigorous responses 
were obtained when anaesthesia was deep. 
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5-Hydroxytryptamine also brought about changes in systemic blood 
pressure. Small doses, about threshold for respiratory stimulation, caused a 
slight fall, while larger doses as a rule gave pressor effects which were often 
considerable (Fig. 1). Sometimes the response was mixed, there being both — 
pressor and depressor components. In such instances the pressor component 
became more prominent as the dose of 5-hydroxytryptamine was increased. 

In one preparation it was observed that evisceration had no appreciable 
effect on the respiratory response to intravenous injection, of 5-hydroxy- 
tryptamine (200 yg). 

Injection into the femoral artery 

Armstrong, Dry, Keele & Markham (1952) found that 5-hydroxytryptamine 
stimulated pain fibres in the human skin and it appeared possible that an 
action of this sort might account for the effect of this substance on respiration. 
This was tested by injecting 5-hydroxytryptamine into the femoral artery. 


Fig. 2. Dog, 3, 12-7 kg. Pentobarbitone. Records: respiration (spirometer), blood pressure and 
time (10 sec). The effect of 5-hydroxytryptamine injected into the right femoral vein and 
right femoral artery. (a) 200 yg into femoral vein ; (b) 200 ng into femoral artery ; (c) 1 mg into 
femoral artery; (d) 1 mg into femoral artery with common iliac vein occluded during the 


period indicated by bracket. The arrow point shows the moment of injection and the horizontal 
tail indicates the latency of response. 


In each of two dogs no respiratory stimulation occurred when the femoral 
artery was injected with a dose of 5-hydroxytryptamine (100-200ug) which 
had produced a well-defined effect when given into the femoral vein (Fig. a, 5). 
A larger dose (1 mg) given into the femoral artery did stimulate respiration, 
but this was not due to 5-hydroxytryptamine acting in the leg but to its 
gaining access to the inferior veng cava after passage through the limb. Thus, 
the response was much slower in onset than when the drug was given by the 
femoral vein (cf. Fig. 2a and c), and the increased latency (6 sec) corresponded 
with the circulation time in the limb: moreover, no response occurred if the 
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injection was made while the common iliac vein was occluded (Fig. 24). 
Provided a sufficiently large dose of 5-hydroxytryptamine had been given, 
release of the venous occlusion in these last-mentioned experiments was shortly 
followed by the respiratory stimulant effect. But doses near threshold were 
rendered ineffectual by being confined to the limb in this way: for example, 
0-3 mg injected arterially during normal limb circulation in one experiment 
had a small but distinct respiratory effect, but when this same dose was 
injected during venous occlusion and kept in the limb for 40 sec, no response 
occurred when the venous clamp was released. Apparently the 5-hydroxy- 
tryptamine was destroyed in the limb. However, the persisting efficacy of 
1 mg doses retained in the leg for a similar period shows that it was not 
com d 
Injection into the heart 


To see whether 5-hydroxytryptamine exerted its respiratory stimulant 
effects by an action in the lesser or greater circulations, an experiment was 
performed in which the substance (100g) was injected either into the right 
auricle or into the left ventricle. Injection into either chamber of the heart 
excited respiration. There was no apparent difference between the effects 
caused by the two procedures, but injection into the left ventricle elicited the 
response in a much shorter time than did injection into the right auricle. In 
six tests, in which the two routes were alternately employed, the latency of the 
response to injection into the right auricle averaged 3-0 sec (3-0, 3-2, 2-7), and 
that to injection into the left ventricle 0-4 sec (0-6, 0-4, 0-3). ‘The difference in 
latency between these responses probably corresponds with the circulation 
time through the lungs and, although an effect in the lungs is not rigorously 
excluded, the effect of 5-hydroxytryptamine in this experiment could be 
accounted for entirely by an action in the systemic circulation. 

Injection into the common carotid artery 

_ To examine the effect of 5-hydroxytryptamine in the carotid body region, 
small amounts (2-20g) were injected into the common carotid artery. They 
produced a prompt respiratory excitant effect. The effect was usually brief 
and, with threshold doses, confined to a single gasp; it was also obtained in 
experiments in which the external carotid, internal carotid and occipital 
arteries were tied some distance from the carotid body region (Fig. 3). More- 
over, respiratory stimulation occurred when 5-hydroxytryptamine was injected 
into a carotid body region innervated only by the sinus nerve and prepared in 
such a way that access of the substance to the rest of the animal was prevented. 
In one of these experiments a dose of 200g was employed to elicit a well- 
defined response, but in others less than 1-Oyg sufficed. In all these experi- 
ments the effect produced by 5-hydroxytryptamine was abolished by section 
of the sinus nerve or the IX nerve close to the skull. 
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In one experiment in which the internal carotid and occipital arteries had 
not been tied off, a small dose of 5-hydroxytryptamine (2 ug) injected into the 
ae pr artery stimulated respiration. On sectioning the sinus nerve 
this dose no longer produced a response, but 100 ug caused a prompt respira 
stimulant effect. 


| 


Sinus nerve cut 


Sinus nerve intact 


Fig. 3. Dog, ¢, 10 kg. Pentobarbitone. Right external carotid, internal carotid and occipital 
arteries tied. Records: respiration (stethograph) and blood pressure. The effect of 2 ug 
5-hydroxytryptamine (8) and 10 ug tryptamine (7') injected into the common carotid artery 
before and after section of the right sinus nerve. During the periods indicated by the brackets, 
the carotid artery was occluded: the abolition of the barosensory response after nerve section 
confirms that the nerve cut was the sinus nerve. 


To see whether the effect of 5-hydroxytryptamine in the carotid body region 
resulted from local vasoconstriction and anoxial discharge from chemo- 
receptors, adrenaline was injected as a control in one of the isolated carotid body 
preparations. Adrenaline is a more powerful vasoconstrictor than 5-hydroxy- 
tryptamine (Page, 1952), but it had no respiratory stimulant effect whatever 
in a dose of 6g, although 3g of 5-hydroxytryptamine was regularly causing 
vigorous responses. 


Effect of vagotomy and sinus nerve section 
Further analysis of the 5-hydroxytryptamine effect on respiration was 
attempted by finding how the response to an intravenous injection was in- 
fluenced by cutting the vagus and sinus nerves. In most experiments vagotomy 
had little effect on the respiratory response to 5-hydroxytryptamine; as a rule 
the response was less intense after cutting the vagi, but only slightly so 
(Figs. 4 and 5). Inone experiment, however, vagotomy abolished the respira- 
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tory stimulant effect completely, but in this experiment the respiratory 
response was not so vigorous as usual, perhaps because the anaesthesia was 
rather deep. The pressor response to 5-hydroxytryptamine was more frequently 
affected: by vagotomy, being in some experiments much reduced (Fig. 4). 


Fig. 4. Dog, 3, 10-9 kg. Pentobarbitone. The right vagus and right sinus nerves have been cut. 
Records: respiration (stethograph) and blood pressure. The figure shows three responses to 
intravenous injection of 200 yg 5-hydroxytryptamine (at each arrow): (a) left vagus and left 
sinus region intact; (6) after left vagus had been cut; (c) after left sinus region had been 
ablated. 

Fig. 5. Dog, 3, 10-4 kg. Pentobarbitone. The right vagus and right sinus nerves have been cut. 
Records: respiration (stethograph) and blood pressure. The figure shows three responses to 
intravenous injection of 100 wg 5-hydroxytryptamine (at each arrow): (a) left vagus and left 


sinus region intact; (b) after left vagus had been cut; (c) after left sinus region had been 
ablated. 


Fig. 4. 


In some vagotomized dogs ablation of the carotid sinus regions abolished 
the respiratory response to 5-hydroxytryptamine, in others it did not (Figs. 4 
and 5). 


Comparison of the activity of 5-hydroxytryptamine and tryptamine 

It seemed interesting to examine whether the respiratory stimulating effect 
of 5-hydroxytryptamine would also be shown by tryptamine, and if so to see 
to what extent the introduction of a phenolic group altered the activity of the 
tryptamine molecule. 

Comparison of the activities of 5-hydroxytryptamine and tryptamine was 
made in experiments in which these substances were injected either into the 
femoral vein (Fig. 6) or into the common carotid artery (Fig. 3). The results 


=: 


ao 


On 


‘ 
i 
é 
y 
, 
t 
‘ 
q 


RESPIRATORY STIMULATION BY 5-HYDROXYTRYPTAMINE 317 


showed that the threshold dose of tryptamine required to produce respiratory 
stimulation was ten times or more greater than that of 5-hydroxytryptamine, 
the doses being calculated in terms of the bases. Increasing the dose of 
5-hydroxytryptamine six times above its threshold value caused a pronounced 
increase in the respiratory response, whereas a similar increase in the dose of 
tryptamine produced @ response which was not much larger than that given 
by the threshold dose (Fig. 6). 


Fig. 6. Dog, 11-8 kg. Pentobarbitone. Records: respiration (spirometer), blood pressure, 
injection signal and time (10 sec). Comparison of responses to intravenous injections of higher 
doses of tryptamine and 5-hydroxytryptamine: (a) 2-4 mg tryptamine; (b) 4-3 mg tryptamine; 
(c) 100 ng 5-hydroxytryptamine; (d) 8 mg tryptamine. 


DISCUSSION 
The fact that 5-hydroxytryptamine stimulates respiration with doses of 
2-8ug/kg shows that it has a high degree of activity on the respiratory 
mechanism. In part this activity is due to stimulation of afferents, the more 
important running in the sinus nerves and others in the vagi. These afferents 
may be chemosensory fibres from the carotid or aortic bodies, for the effect of 
5-hydroxytryptamine is not unlike that of lobeline or acetylcholine. But what- 
ever their identity they seem to be stimulated directly by 5-hydroxytryptamine, 
for its action is probably not attributable to local vasoconstriction and anoxia. 
Other nerves, pain fibres in the human skin, have also been reported to be 
stimulated by 5-hydroxytryptamine (Armstrong e¢ al. 1952). 
Since 5-hydroxytryptamine still stimulated respiration in some experiments 
after ablation of both carotid sinus—carotid body regions and section of both 
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vagi, it clearly has an action independent of sinus and vagus afferents. From 
the available evidence it would appear that the site of this action is central. 

The importance of a phenolic group in increasing the potency of biologically 
active compounds is well known and was shown by Barger & Dale (1910) for 
the sympathomimetic amines. Comparison of the activities of tryptamine and 
5-hydroxytryptamine further emphasizes its importance. Thus, 5-hydroxy- 
tryptamine has twenty times the pressor activity of tryptamine (Page, 19525), 
more than ten times the activity of tryptamine in exciting pain fibres (Arm- 
strong et al. 1952), and in our experiments at least ten timies the activity of 
tryptamine in stimulating respiration. 


SUMMARY 

1. 5-Hydroxytryptamine has been found to stimulate respiration in dogs. 
The effect is obtained with 2-8 ug/kg intravenously. 

2. The effect is partly due to excitation of afferents running in the carotid 
sinus and vagus nerves: another site of action, probably central, also exists. 

3. Tryptamine is at least ten times less active than 5-hydroxytryptamine 
in stimulating respiration. 

4. Small doses of 5-hydroxytryptamine causing threshold respiratory 
effects produce a fall in systemic blood pressure: larger doses give a biphasic 
or purely pressor response. 


We wish to thank Dr R. K. Richards of Abbott Laboratories, North Chicago, forthe supply of 
serotonin creatinine sulphate. 
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THE EFFECTS OF FORCE AND SPEED CHANGES ON THE 
RATE OF OXYGEN CONSUMPTION DURING NEGATIVE 
WORK 


By B. C. ABBOTT anp BRENDA BIGLAND 


From the Departments of Biophysics and Physiology, 
University College, London 


(Received 21 August 1952) 


The term negative work has been commonly used in the past half century 
in connexion with experiments in which work is done on a subject by 
forcibly stretching his contracting muscles. Although this term is unsatis- 
factory and somewhat confusiag, it has been retained here in preference 
to the alternative expression ‘eccentric work’ used more recently by other 
workers. 

In previous experiments the relative oxygen consumptions required for 
equal amounts of positive and negative work were measured (Abbott, Bigland 
& Ritchie, 1952). It was found that, although the oxygen consumption in 
positive work increased rapidly with the rate of work, that required over the 
same range of negative work remained relatively constant; this has since been 
confirmed and extended by Asmussen (unpublished), Each active fibre within 
a muscle develops a tension dependent on the speed and direction of motion; 


this tension is considerably greater when the fibre is being lengthened (Katz, — 


1939; Abbott, Aubert & Hill, 1951) than when it shortens (Hill, 1938; Wilkie, 
1950). The forces exerted in these experiments were not maximal and might 
be varied by changing the number of active fibres and their frequency of 
excitation. Ata given speed and load, fewer fibres were needed during negative 
work, when the subject’s muscles were being stretched than when shortening 
and doing positive work. The results were interpreted in terms of the force- 
velocity relation for active muscle assuming that the oxygen consumption 
depended primarily upon the number of fibres in action. 

In these earlier experiments the oxygen consumption during the negative 
work rately rose to more than twice the resting value. The rate of work was 
varied mainly by changing the speed. Although the force exerted by the two 
subjects was kept constant throughout each experiment, its absolute value 
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was not accurately known so that some error was introduced in plotting the 
work rate. . 

A further investigation of negative work has now been carried out in which 
force and speed were varied independently, and their value accurately con- 
trolled. Consideration of the force-velocity relationship for muscle suggested 
that we would find a wide variation in the rate of oxygen consumption required 


for any particular rate of negative work, depending on the force and speed 
employed. | 


METHOD 


A bicycle ergometer was coupled by a belt from its flywheel to a cone of pulleys of various sizes 
on the shaft of a constant speed motor (Fig. 1). This motor was 2-5 h.p. d.c. shunt wound running 
off 440 V at 650 rev/min, and was chosen because it was strong enough to overcome the greatest 


possible resistance the subject could exert without appreciable change of speed. 


Fig. 1. A diagram of the apparatus. 


The bicycle was driven backwards at a speed dependent on the size of the pulley used. The 
subject attempted to resist the motion of the pedals and in so doing the muscles of his legs were 
stretched while contracting. The increased current taken by the motor as a result of this resistance 
was displayed on a galvanometer in front of the subject who pedalled in such a way as to keep the 
reading as constant as possible throughout each experiment. Calibration was carried out with 
a friction band round the largest pulley, and the increase in current taken by the motor was found 
to be proportional to the extra power delivered by the motor. Since the speed of pedalling was 
accurately known, the force exerted by the subject on the pedals for any rate of working could be 


After about 10 min pedalling, when the subject had reached a steady state, expired air was 
collected into a Douglas bag and his ventilation rate and rate of oxygen consumption were 
measured. Experiments were performed with the subject pedalling at speeds of 9, 15, 26, 44, 58 
and 72 rev/min when the forces exerted were about 4-1, 8-2, 12-3, and 16-3 kg. At each speed of 
pedalling a collection of expired air was also taken when no force was being actively exerted but 
the legs were allowed to rest passively on, and follow the movement of, the pedals: under these con- 
ditions the oxygen consumption varied with speed and was therefore subtracted from the total 
at each particular speed when calculating the amount of oxygen required for the work. The 
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ventilation rates and oxygen consumptions were plotted against the rate of working and lines 
were drawn through pointe of (a) equal speed and (5) equal force. 

It was found that there were considerable daily variations in the absolute values, although the 
general form of their relations was always the same. Only one curve could be fully analysed on 
each day. The results were therefore plotted as ventilation rates, but in each set the one analysed 
curve (either at constant speed or at constant force) was included on an appropriate scale (e.g. 
Fig. 3). In most subjects a good correlation between ventilation rate and oxygen consumption 
could be obtained and the error introduced was seldom more than about 10 % and usually a good 
deal less. Each curve was analysed fully in turn. The experiments were performed several times 
on each of five subjects. 


RESULTS 


The results of an experiment for three speeds of pedalling are shown in Fig. 2, 
where the total oxygen consumption is plotted against the rate of negative 


work. It can be seen that the free-pedalling oxygen consumption varies 


appreciably with speed, and that it lies on the corresponding curve in each 
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Fig. 2. The total calculated oxygen consumptions and ventilation rates are plotted against rate of 
work, The lines are drawn through points of increasing rates of work at constant speed for 
three different speeds, The free-pedalling oxygen consumptions are plotted on the ordinate 
corresponding to no work except where a small deflexion of the galvanometer occurred. 


case ; even were these points ignored, the curves could not all meet the ordinate 
axis at the same point. The free-pedalling oxygen usage at each speed has 
therefore been taken as a reference level and subtracted from the total to give 
the extra oxygen required for the work. In Fig. 3 results of one experiment 
after correction for free-pedalling are plotted. The results are displayed in two 
ways: (a) with curves joining the points of constant speed as before, and 
(b) with curves through the points of constant force when the speed is varied. 
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It can be seen that the relationship between oxygen consumption and work 
depends upon whether the speed or the force is varied. If the speed is kept 
constant and the force changed, oxygen consumption increased with rate of 
work, whereas at constant force oxygen consumption is almost independent 
of speed. Thus, for the same rate of working the oxygen consumption may be 
many times larger at great force and low speed than at small force and high 
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Rate of negative work (kg.m/min) Rate of negative work (kg.m/min) 


Fig. 3. Oxygen consumptions and ventilation rates minus free- pedalling values at each speed are 
plotted against rate of work. In (a) the lines are drawn through points of constant speed. 
In (b) the same points are plotted but with lines through points of constant force. In both 
figures the open circles represent ventilation rates only, whereas the solid circles represent 
the rates of oxygen consumption for the one curve fully analysed in this experiment. 


The several experiments on each of the five subjects gave similar results so 
that only one set is plotted. Oxygen consumption at constant force remained 
relatively constant except at very low speeds of stretch when i in some subjects 
it tended to rise (Fig. 4). 

It is interesting to note that considerably higher rates of work were possible 
in negative work than were managed in positive work. The limiting: factor 
under these conditions was never respiratory; indeed, at the highest rates of 
work ever done, the ventilation rate and oxygen consumption rarely rose 
above 30 and 1-01./min respectively. Neither did it appear subjectively that the 
limitation was circulatory, but rather that it may have been muscular fatigue, 
for prolonged exercise at high rates of work induced a state of extreme muscular 
discomfort. In support of this idea is the fact that if an experiment was 
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ed on an untrained subject the stiffness that followed seemed to be 
considerably more severe and prolonged than after a similar experience in 
normal cycling. But if the subject was trained for normal cycling no stiffness 
resulted: a further indication that the muscles involved were identical in each 
case (Abbott et al. 1952). 


Rate of O, consumption (I./min) 


i 
—1500 —1000 —500 0 
Rate of negative work (kg.m/min) 


° Fig. 4. The rate of oxygen consumption minus free-pedalling rate is plotted against rate of work 


for a subject whose oxygen consumption consistently increased at low rates of pedalling. In 
both the experiments shown the force exerted was kept constant and only the speed of 
pedalling varied. 


DISCUSSION 


These results confirm and extend the findings of Abbott et al. (1952) and can be 
predicted from the force-velocity relationship for isolated muscle, where the 
changes during imposed lengthening are not merely the converse of those 
which accompany shortening. In shortening, the faster an active muscle 
contracts the smaller is the tension it can exert (Hill, 1938); but when it is 
forcibly stretched the rise in tension above the isometric value, except at the 
very lowest speeds of stretch, depends-only on the distance moved and not on 
the speed of movement (Abbott & Aubert, 1951). This must apply to each 
fibre of the muscle, and it would, therefore, be expected that in a voluntary 
contraction, the number of fibres needed to resist a stretch with a given force 
would be almost independent of speed. 

The oxygen consumption of the cyclist reflects the total fibre activity in hie 
leg muscles, and it can be seen from Fig. 3 that during negative work the 
oxygen consumption at constant force varies little over a wide range of speeds, 


and therefore of work. At a given speed, on the other hand, the force could only 
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be increased by increasing the number of active fibres, and Fig. 3a shows that 
under these conditions the oxygen increases rapidly. 

The concept of free-pedalling as a reference level was considered desirable by 
Dickinson (1929), but consistent values were not then obtained. The use of 
a constant speed motor allows the cyclist to relax completely and provides 
results for free-pedalling which are more consistent. 

The oxygen consumption for isometric contraction cannot be measured 
directly because of the difficulty of maintaining a steady static force for 
a sufficient time. It can, however, be obtained by extrapolating the corre- 
sponding constant force curve to zero speed, and is approximately proportional 
to the force exerted (Fig. 3b). In some subjects pedalling at constant force there 
was a rise in oxygen consumption at the lowest speeds of pedalling (Fig. 4). 
This might be expected from the force velocity curve which suggests that the 
tension exerted by each fibre when stretched at very low speeds is not so great 
as when the stretching is faster. Thus, in Fig. 4, although no external work is 
done, the isometric oxygen consumption is considerably more than that 
required when the same force is exerted during lengthening at moderate 
speeds. This emphasizes the relationship between the number of active fibres 
and the oxygen requirement, rather than the older se of correlating work 
with oxygen. 


SUMMARY 


1. An apparatus was designed so that a bicycle ergometer could be driven 
backwards by a motor at controlled speeds and the subject could resist the 
motion of the pedals with known forces. 

2. Ventilation rates and oxygen consumptions were measured when the 
subject performed different rates of negative work: (a) at constant force, and 
(b) at constant speed. 

3. When the rate of negative work was increased at constant speed the rate 
of oxygen consumption increased rapidly. But when the rate of work was 
increased at constant force, by varying the speed of pedalling, the oxygen 
consumption remained relatively constant. 

4. These results can be explained by the force-velocity relationship of active 


muscle during stretch and by the number of fibres employed in each type of 
work. 


We wish to express our thanks to Prof. A. V. Hill for his encouragement and many helpful 
suggestions throughout these experiments. Also to Prof. G. L. Brown for his support and for his 
criticism of this paper. 

To Mr Antony Jarrett we are especially grateful for all the hard work he has done both as a subject 
and in helping with the experiments. 

We are also indebted to Prof. Crowden for the use of the bicycle ergometer, and to the Medical 
Research Council for a grant enabling us to purchase the equipment. 
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OBSERVATIONS ON CHEMICAL EXCITANTS OF 
CUTANEOUS PAIN IN MAN 
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From the Department of Pharmacology, Middlesex Hospital 
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(Received 22 August 1952) 


Whilst there has been much work on the production of cutaneous pain by 
physical stimuli, such as pressure and heat, relatively little attention has been 
given to chemical excitants of pain. Lewis (1936, 1942) became interested in 
the problem while studying cutaneous hyperalgesia. He described the pain- 
producing actions of extracts of animal and human skin and noted the condi- 
tions in which such factors as pH, tonicity and potassium salts would cause 
pain. He stated that histamine did not cause pain even in high concentrations, 
but Rosenthal & Sonnenschein (1948) and Rosenthal (1950) have claimed that 
this substance is active even in very low concentrations. It seemed to us that 
the first problem in carrying the work any further was the establishment of 
satisfactory methods (i) for recording pain, and (ii) for administering the pain- 
producing solutions. 

(i) Valuable records can be made by means of charts showing the time-course 
of pain assessed subjectively by the patient (Keele, 1948; Hewer & Keele, 
1948; Hewer, Keele, Keele & Nathan, 1949). However, when the intensity of 
pain is fluctuating rapidly such intermittent recording is both tedious and 
inaccurate. We have, therefore, developed a method for producing a con- 
tinuous and almost simultaneous graphic record on a smoked drum of the 
subject’s assessment of the intensity of pain. Such graphic recording of the 
intensity of pain reveals differences in time-course of the induced pain, and 
has the advantage that the subject’s impressions are recorded immediately 
after the pain sensation. Moreover, a permanent record is obtained which is 
useful in assessing results of past experiments. Any type of experimentally 
induced pain, in skin or other structures, can be recorded with this method. 

(ii) Intradermal application of pain-producing substances was found to 
produce variable results, so we have developed a method in which the sub- 
stances are applied to a raw surface on the skin. Rosenthal & Minard (1939) 
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applied histamine to an area of skin whose epidermis had been removed by 
a razor, but such an area would be difficult to reproduce constantly and might 
vary in its sensitivity to chemical agents during the course of an experiment. 
We have not tried this procedure, because we found that the application of 
pain-producing substances to the exposed base of a cantharidin blister gave 
very satisfactory results. 

The present work deals with the action of the following substances, extracts — 
and body fluids on the cantharidin blister area : acetylcholine, histamine, 48/80, 
5-hydroxytryptamine, tryptamine, tryptophan, potassium chloride, sodium 
citrate, blister fluid, serum, plasma and extracts of skin and platelets. Changes 
in pH and tonicity were also examined. 

Ina few preliminary experiments pain-producing solutions were administered 
by intradermal injection or by pricking through a drop of the solution on the 
skin. 

The blister technique has been demonstrated to the Physiological Society 
(Armstrong, Dry, Keele & Markham, 1951), and preliminary communications 
on the pain-producing actions of blister fluid, serum and 5-hydroxytryptamine 
have been given (Armstrong, Dry, Keele & Markham, 1952a, 5). 


METHODS 
Recording pain sensation on a smoked drum 

The apparatus used is shown in Fig. 1. A rubber bulb (B) is connected via rubber tubing to 
& mercury manometer (M) supporting a float and a writing point which records on a moving 
smoked drum. The rubber bulb is placed in a screw clamp bearing a handle (H) which is so 
positioned that the subject can by a simple rotary movement easily compress and decompress the 
bulb. The writing point is placed behind a vertical slit (S) in a rectangular piece of cardboard, on 
which a scale is marked as shown in Fig. 1. The points on the scale correspond to the subject’s 
estimate of pain intensity; 0 =no pain, 1 =slight pain, 2 = moderate pain, 3 =severe pain, 4= very 
severe pain. With experience the subjects in these experiments have been able to distinguish 4 and 
even } unit on the pain scale. This power of discrimination correlates well with that recorded by 
Hardy, Wolff & Goodell (1947) for pain produced by radiant heat. The discrimination is most 
acute when the pain is not too severe. The tip of the writing point moves behind the cardboard in 
such a way that the subject cannot see the shape of the record which he is making, a matter of 
considerable importance in recording a phenomenon as subjective as pain. 

Behind a second slit in the cardboard (not shown in Fig. 1) is another pointer similarly operated, 
and used to record itching, should this occur. 


Methods for administration of chemical excitants 


| Intradermal injections. The pain-producing substances were made up in 0-9% (w/v) NaCl 


solutions and when given intradermally, a volume of 0-05 ml. was injected into the flexor surface 
of the forearm, using needles of size 20 or 27. The insertion of the needle usually caused pain, but 
after a short while this pain subsided and when the subject had recorded pain of zero intensity for 
15 sec or more the solution was injected. If the pain due to the insertion of the needle did not 
subside, the needle was withdrawn and inserted into another area. 

Pricking through a drop of solution. A drop of the test solution was placed on the cleaned skin of 
the flexor surface of the forearm. Four pricks were rapidly made with a no. 7 straight triangular 
surgical needle, so as to penetrate the epidermis without drawing blood. In these experiments the 
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pain was not recorded graphically, but the following procedure was adopted. Immediately after 
the last prick the subject started a stop-watch and recorded in writing the maximum pain 
experienced during each 15 sec period up to 2 min. 

Applications were made every 5 min in comparable areas on alternate forearms. The same three 
subjects participated in each experimental session. The experiments were conducted in a quiet 
room at a temperature of about 20° C. 

Cantharidin blister technique. A plaster containing 0-2% cantharidin is applied to the skin of 
the flexor surface of the forearm for 5-6 hr during the evening before the day of the experiment. 
When the plaster is removed the area may show slight erythema, and during the night blister 
develops which has a diameter of about 1 cm. A protective d sing is applied over-night to prevent 
rupture of the blister. There is little or no sensation in the treated area until the blister is opened 
on the following morning. 


x= 
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Fig. 1. Diagram of apparatus used for making a graphic record of pain sensation. 
For description see text. 


The raised blister covering and the surrounding skin are cleaned with alcohol which is allowed 
to evaporate before the blister fluid is aspirated (vol. 0-07-0-2 ml.). The separated epidermis is 
then cut away and the exposed blister base is bathed in a solution of the following composition : 
NaCl 0-92 g, KCl 0-04 g, CaCl, 0-024 g, NaHCO, 0-015 g, water to 100 ml. 

During the manipulations just described, and for 10-15 min after the first application of the 
bathing fluid, there is pain of slight to moderate intensity. After this time there is usually no 
spontaneous pain. During the experiment the subject is seated comfortably with his arm placed 
on an arm-rest. 

Before the application of the solutions containing the pain-producing substances the bathing 
fluid was removed, and the area dried with filter-paper; the test solution was then applied in a volume 
of about 0-2 ml. Between applications of test solutions the area was well washed in bathing fluid and 
then covered by it. In order to localize the test solutions and to facilitate their rapid application, 
a ring of low melting-point wax was applied to the skin around the exposed blister base. The test 
solutions were warmed to about 30° C before application. The room temperature during these 
experiments was about 20° C. 

Each solution to be tested was applied in a constant way, and in such circumstances that the 
subject got no clues as to the nature or concentration of the substance used. The subject was 
instructed not to look at the area during the period of recording. In a few experiments the nature 
of the solution was also unknown to the person who made the applications to the blister area. 
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This precaution was found to be unnecessary since the effects elicited by the test solutions are 
usually so regular and definite as not to be susceptible to suggestion. 

The solutions were applied rapidly and the whole of the blister area covered as quickly as possible; 
otherwise the responses to rapidly acting agents, such as acetylcholine, were reduced in intensity. 
The solution was usually left in contact with the area for 1 or 2 min, but in some experiments the 
effects of more prolonged application were studied. As a rule it is best to avoid protracted 
responses, which are liable to cause fatigue. The solution was removed with a pipette and the area 
washed and covered with the bathing fluid as already described. The usual interval between 
applications was 10 min which is sufficient to allow the sensitivity of the area to return to normal 
(exceptions to this will be mentioned later). The number of applications which may be made in one 
session without causing fatigue is 10-12. The exposed area remains sensitive for up to 2 days, 
during which time 40-50 applications have often been made in different experiments. 

At the end of the experiment a few drops of 0-1% proflavine sulphate solution were applied to 
the blister area which was then allowed to scab over without any dressing. We had no infections 
during the course of experiments on 92 blisters in 10 subjects and found it unnecessary to use 
bacteriologically sterile solutions during the work. 

Experimental burn blister area. In order to show that the responses recorded in the cantharidin 
blister area were not due to some action of cantharidin iteelf we performed a few experiments in 
one subject (J.W.M.) in whom artificial burn blisters were produced by application of a heated 
metal disk (about 1 cm in diameter) to the skin of the forearm. The disk (actually part of a metal 
pipe-cleaner) was heated by immersion in boiling water, quickly dried and then applied to the 
skin for 1-3 sec, Blisters, when they developed, usually appeared 15-24 hr later, and in one 
instance only after 36 hr. 

In all we have carried out 284 experimental sessions on 92 blister areas in 10 subjects (9 M; 1 F). 
The large majority of the experiments were done on three of the authors R.M.L. D., C.A.K. and 
J.W.M., the last mentioned having had 38 blisters during a period of 1 year. 


Test solutions used 

Most of the substances tested were dissolved in the bathing fluid in such concentrations that the 
solutions were approximately isotonic with blood and the pH was 7-0—7-5. The concentrations of 
the substances in solution have been expressed either in g/ml. or as % (w/v). 

Acetylcholine was used as the chloride. Its concentration is given as the chloride. Histamine 
was used as the dihydrochloride. Its concentration is given as the base. 5-Hydroxytryptamine 
(serotonin) was used as the creatinine sulphate. Samples synthesized by the Upjohn Company 
and by Abbott Laboratories were employed. Tryptamine was used as the hydrochloride. The 
concentrations of 5-hydroxytryptamine and tryptamine are given as the salts. pL-Tryptophan 
was used. 

Skin extracts 

Extracts from the skin of the abdomen and back of the rat were made by removing the fur, 
dissecting away the underlying fat and connective tissue, cutting the skin into very small pieces, 
washing to remove the blood and, finally, allowing it to stand in } strength bathing fluid (1 ml. of 
fluid for each 1 g of skin) for at least half an hour. Similar extracts of human skin were prepared 
from samples obtained during the course of various surgical operations. 


Platelet extract 

Dr J. W. Stewart of the Bland-Sutton Institute of Pathology, Middlesex Hospital, kindly 
prepared a platelet extract for us as follows. A platelet suspension in plasma was made by 
centrifuging citrated human blood at about 200 rev/min for 5 min after sedimentation of the 
erythrocytes. The platelet suspension was pipetted off and centrifuged at 3000 rev/min for 20 min 
to produce a platelet deposit. The deposit was then treated with 0-01 m-CaCl, solution to dis- 
integrate the platelets, and 0-9% NaCl solution added to restore the original volume. This 
solution was the platelet extract. A sample of platelet-free plasma was similarly treated and used 
as a control. | 
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RESULTS 
Fig. 2 shows the time-course of pain induced in subject R.M.L.D. by the 
insertion of a needle superficially into the skin and the effects of injection of 
10+ acetylcholine and 0-9% NaCl solution. It will be noted that in both cases 
insertion of the needle caused a sharp peak of pain which subsided fairly 


— Records of pain responses in subject R. M. L. D. to intradermal injections of acetylcholine 
and 0-9% NaCl solution. Ordinates=scale of pain intensity in unite as described under 
Methods. Same scale used in all figures. The first spike of both records (a) and (b) represents 
the pain induced by intradermal insertion of the needle. This pain was allowed to decline to 
zero, and remain at this level for 30 sec before injection of the solutions. In (a) 0-05 ml. of 
acetylcholine, 10~* g/ml., in (6) 0-05 ml. of 0-9% (w/v) NaCl. Time, 1 min. 


TaBiz 1. Pain responses in four subjects after intradermal injections of 10-* acetylcholine and 
0-9% NaCl solutions. The figures refer to the maximum pain experienced after each 
injection 


Pain responses to 
Subject Date 09% NaCl 10-* g/ml. ACh 
(2) (3) (4) 
26. x. 51 1}, 1 
J.W.M. 29. x. 51 i. 
1. xi. 51 0, 14, 0, 0, Itch, late } af 
9. xi. 51 rt 


The figures in columns (3) and (4) have been treated as independent observations. An analysis 
of the figures for a difference between these two columns was made using Fisher’s modification of 
Student's ¢ test (Fisher, 1950). The value of ¢ was 2-9 (P<0-01). 


rapidly to zero. Subsequent injection of acetylcholine (2a) caused severe pain 
(3 units); however, injection of a similar volume (0-05 ml.) of saline (26) 
produced almost as much pain (2} units). 

Table 1 shows the maximal pain recorded by four subjects after intradermal 
injection of 0-9% NaCl solution and acetylcholine chloride (10-* g/ml). It is 
clear that although the responses to this very high concentration of acetyl- 
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choline are significantly greater than those to saline, individual responses may 
be difficult to interpret. Furthermore, our subjects unanimously assert that 
repeated injections cause marked discomfort and that an emotional state 
develops which interferes with their evaluation of the pain elicited by this 


technique. 
Pricking through a drop of solution on the skin 

This procedure was much used by Lewis (1927) in his studies of the actions 
of histamine on the skin. It is, however, an unsatisfactory technique for the 
testing of pain-producing substances, and Table 2 shows that this mode of 
administration generally failed to distinguish between 0-9°% NaCl solution and 
acetylcholine chloride (10-*g/ml.). Isotonic KCl solution (1-15, w/v) also had 
no significantly greater effect than 0-9° NaCl solution. 


TaBLE 2. Pain responses in three subjects after pricking through solutions of 10-* acetylcholine 
and 0-9% NaCl. The figures refer to the maximum pain experienced after each application 


Pain responses to 
Subject Date 09% NaCl 10-* ACh. 

G.P. 19. x. 51 0, 4, itch 

9. xi. 51 0, » 2 
J.W.M. 19. x. 51 1, 1,4 

9. xi. 51 3,1 
R.M.L.D. 19. x. 51 + 1,4 1,1,1 

9, xi. 51 14, },1,1 


Application of test solutions on cantharidin blister area 
Acetylcholine. Typical responses to acetylcholine are shown in Fig. 3 (a and 6) 
which shows the time-intensity curves of pain recorded by subjects J.W.M. 
and R.M.L.D. after application of acetylcholine in concentrations of 10~, 
2-5 x 10-Sand 5 x 10-* g/ml. In both subjects the pain responses toacetylcholine 
are immediate in onset and start the moment the solution touches the blister 
area; the intensity then rises rapidly to a peak. In subject J.W.M. it also 
falls rapidly, though there are a few ‘after discharges’ as the pain subsides. 
In subject R.M.L.D. the decay of pain is slower and occurs in a stepwise 
fashion; the pain does not completely disappear until 30-40 sec after the 
application. 

The pain is typically ‘superficial’ in Lewis’s terminology, and in everyday 
language would be described as ‘stinging’, ‘smarting’ or ‘burning’ in character. 
As the pain subsides, some subjects record a sensation of itching. 

The actions of acetylcholine serve to illustrate a number of points which 
arise during the use of the cantharidin blister technique. We have used two 
main criteria in evaluating the technique with acetylcholine as the pain- 
producing agent. 

(1) The absence of responses to the bathing fluid, and to subliminal con- 
centrations of acetylcholine. 
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(2) The recording of graded responses to different effective concentrations 
of acetylcholine. | 
(1) It has been our practice to make occasional applications of bathing 
fluid during the course of our experiments to check the reliability of the 
subject’s records (see, for example, Fig. 3) and to reveal the presence of 
‘spontaneous’ pain. After 63 applications of bathing fluid during 55 experi- 
ments made on 35 blister areas in five subjects, only once was pain recorded 
up to as high as } unit, on twelve occasions it was less than }, and 50 applica- 
tions caused no sensation of pain at all. In addition, we have frequently 
4k 
1 min 


5x 10-5 25x105 25%x105 105 


(6) ACh ACh ACh RL. RL. Plasma ACh ACh 
105 25x 25x 
10> 105 10° 195 


Fig. 3. Records of pain responses to different concentrations of acetylcholine. Cantharidin blister 
area. (a) Reproduction of a record of pain responses in subject J. W.M. to 10-5, 2-5 x 10-* and 
5 x 10-* g/ml. of acetylcholine and to plasma. (b) Record of pain in subject R.M.L.D. 
Responses to 10-*, 2-5 x 10-* and 5x 10-* g/ml. of acetylcholine, to bathing fluid (x... = 
Ringer-Locke solution) and to plasma. Interval between application of solutions was 10 min. 
in this and all subsequent figures. 
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observed no pain responses to small concentrations of substances which in 
higher concentrations gave definite effects. 

It is thus clear that wherever the intensity of pain exceeds } unit the 
observation is significant. Pain of } unit is also significant when it is recorded 
during any given experiment in which there is no response to bathing fluid or 
to subliminal concentrations of pain-producing substances. Furthermore, the 
significance of pain of } unit intensity increases as the sensitivity and reliability 
of the subject grow with experience. 

(2) The recording of graded responses to different concentrations of acetyl- 
choline is illustrated in Fig. 3, which gives a good idea of the powers of 
discrimination attainable in trained subjects. Similar grading of response has 
been shown with other pain-producing substances. 


TaBLE 3. Pain responses in subject R.M.L.D. elicited by reapplication of acetylcholine 5 x 10~*, 
at varying time intervals, to a cantharidin blister area. In this experiment the response to 
5 x 10 acetylcholine was 3-3}, and that to 10~ acetylcholine was 1} units 
Interval between administrations (min) 


Administration no. A 

1 2 4 9 
8 — 1} pu 
9 ~ 3 


Although the response to a given pain-producing agent is usually constant 
during a session lasting 2 hr there may be changes in sensitivity from one 
session to another, and sometimes even during the course of a single session. 
Such changes may be attributed to: (a) refractoriness following previous 
administration of pain-producing agents; (b) the development of exudate over 
the base of the blister which appears to hinder access of the solution to the pain 
nerve endings; (c) the development of central fatigue in the subject. 

We have studied factor (a) in some detail since it was necessary for us to 
know what interval should be allowed between the applications of acetylcholine 
and other agents, so that we could ensure that the sensitivity of the area was 
the same for each application. 

Table 3 shows the rate of recovery of sensitivity in a blister area in subject 
R.M.L.D. after application of acetylcholine ina concentration of 5 x 10~* g/ml. 
The initial response Was 3} units, and whenever the interval between applica- 
tions was 9 min the response was 3-3} units. Shorter resting intervals 
showed incomplete recovery of sensitivity of the area, the degree of recovery 
being proportional to the time interval, as seen in the table. As a result of 
this and other similar experiments we decided that, in the case of acetylcholine 
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a 10 min interval was sufficient to allow complete recovery of sensitivity before 
the next application. 

We have noted that a reduction in sensitivity of an area is often associated 
with the appearance of a film of exudate over the surface. Removal of the film 
by rubbing the area with a swab then restores the sensitivity of the blister 
area to more normal values. 

‘The development of fatigue during the course of the experiments has 
occasionally influenced the results, but only during very prolonged sessions, 
which are best avoided. 

In order to take these and other factors into account we have used the 
response to acetylcholine as a measure of the capacity of the subject to respond 
uniformly to a constant stimulus. For example, when acetylcholine is applied 
at intervals between applications of other pain-producing substances it is easy 
to detect changes in the sensitivity of the area which occur during the course 
of the experiment. It must, however, be added that changes in sensitivity to 
certain substances, e.g. 5-hydroxytryptamine, have occurred without any 
alteration in the response to acetylcholine. 

The size of the area to which a pain-producing solution is applied influences 
the magnitude of the pain response. For example, in two experiments a reduc- 
tion of the area exposed to the solution to } of the original size decreased the 
response to 5 x 10-° acetylcholine from 14 to 4 unit. 

Potassium chloride. It is well known that solutions of KCl produce pain on 
injection into the skin (Calma & Wright, 1947), so it was to be expected that 
marked responses would result from application to the blister area. In Fig. 4, 
1/10 isotonic solution of KCl (0-12%, w/v) is seen to produce pain of equal 
intensity to that elicited by 5 x 10-* acetylcholine, but with KCl the onset of 
pain is less abrupt, the rise to a peak is slower and the decay is more gradual. 
These points are more clearly revealed in Fig. 5 in which the responses to 
acetylcholine and KCl have been recorded on a faster-moving drum. We have 
recorded pain from application of 1/20 isotonic KCl (0-058 %). 

The response to KCl is not reduced during the period of refractoriness which 
follows the application of acetylcholine. On the other hand, the pain- 
producing action of acetylcholine is virtually abolished during the period of 
refractoriness induced by KCl. 

Hypotonic and hypertonic solutions. Hypotonic solutions. below about 
0-35% NaCl produce pain, the effect being greatest with distilled water 
(Fig. 6). Similarly, hypertonic solutions also produce pain (Fig. 7). The pain 
in both these cases is more prolonged than with acetylcholine. 

_ Sodium citrate. Brink, Bronk & Larrabee (1946) have shown that sodium 
citrate can initiate trains of impulses in nerve fibres or cells, an effect which 
they attribute to inactivation of calcium ions. Fig. 8 shows the pain response 
of subject D.A. to 5x 10-* sodium citrate in distilled water. There was no 
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| . response when this concentration of sodium citrate was made up in 0:45% NaCl 4 
solution. The effect was not due to hypotonicity per se as bathing fluid diluted 4g 
to half strength did not cause pain, but we do not know why citrate no longer 2 
causes pain when applied in 0-45% NaCl solution. 


? Fig. 4. Record of pain responses to 5 x 10-* acetylcholine and 0-12°, KCI. 
‘ou Cantharidin blister area. Subject J.W.M. _ 


Pain 


Fig. 5. Record of pain responses to acetylcholine and KCl. Cantharidin blister area. Subject 


C.A.K. This record was made using a faster drum than in the other experiments. The con- 
centrations of KCl were 1/7 and 1/3 isotonic respectively. 


Effect of pH. Reduction of pH is not a significant.factor with the stronger 
solutions of acetylcholine (which may have a pH of about 5). There was no 
difference between the pain response to 10-* acetylcholine at.pH 5, and that 
after neutralization to pH 7-5. In order to produce pain, lower pH values were 
required. Fig. 9a shows that in subject C.A.K. HCl caused pain at pH 2°85 
but;not at pH 3-45. In other subjects the threshold pH value for pain with 
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HCl was about 3. The sensitivity to lactic acid was a little greater than to 
HCl, as shown in Fig. 90. 

Histamine. Its effects were studied in six subjects. In general a concentra- 
tion of 10-3 caused immediate pain followed by the development of itching 
after about 1 min. After the pain there was often an intermediate phase 


RL ACh ACh Distilled 
3x 105 3x105 water 


Fig. 6. Record of pain response to distilled water. Cantharidin blister area. Subject J.W.M. 


ACh NaCl RL. ACh 
10+ 5% 5 x10~ 


Fig. 7. Record of pain response iv 5% NaCl solution. Cantharidin blister area. 
Subject R. W.H.E. 


during which the subject had a sensation which felt like a mixture of pain and 
itch. Histamine in a concentration of 10~* sometimes caused slight initial pain 
but often only itching was recorded ; lower concentrations caused itching alone. 
These points are illustrated in Fig. 10. 

Compound 48/80 (a condensation product of p-methoxyphenylethylmethyl- 
amine and formaldehyde, which is a very potent histamine liberator (Paton, 
1951)) was studied on three subjects, using concentrations ranging from 10-* 
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ACh ACh A B ACh a 
107 Sx10° 10“ q 
Fig. 8. Record of pain response to sodium citrate. Cantharidin blister area. Subject D.A. 4 


5 x 10-* sodium citrate applied at A in 0-45% NaCl solution, at B in distilled water. 


Fig. 9. Records of pain responses to acids. Cantharidin blister area. (a) Subject C.A.K. HCl 
applied at different pH values. (b) Subject D.A. Effects of HCI, acetylcholine and lactic 
acid, 
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to 10-%. In Fig. 11 are shown the effects of 48/80 compared with those of 
serum; it is seen that the first distinct pain was recorded at 35 sec and that 
itching began at 1 min 5 sec. After this there was alternating itch and pain for 
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Histamine ACh Histamine 
105 5x10¢ 10° 


Fig. 10. Records of pain and itch responses to histamine. Cantharidin blister area. 
Subject R.W.H.E. Left ordinate, pain scale; right ordinate, itch scale. 


of 
Fig. 11. Records (reproductions) of pain and itch responses to (a) serum and (b) compound 48/80. 


Different cantharidin blister areas. Subject J.W.M. (a) Latent period for pain with serum, 
_ 35sec; (b) latent period for pain with 48/80, 35 seo; latent period for itching with 48/80, 


some minutes, but unlike histamine alone, 48/80 produced pain which out- 
lasted the itching. Similar results occurred in other experiments. There was 
a delay of 14-90 sec between application of the solution and the onset of pain. 
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Pain always preceded and outlasted the occurrence of itching which 
developed 30-120 sec after the solution was applied. The objective mani- 
festations of histamine release, e.g. flare and wheal, accompanied the sensations 
of pain and itch. 

Skin extracts of the rat and man. A typical effect of rat skin is seen in Fig. 12. 
It will be seen that there was a latent period of 22sec before the pain 
commenced and that itching developed when the pain was subsiding. A flare 
and wheal developed at the same time as the itching. The results were the same 
with skin extracts of man. 


ACh Rat skin extract 


10“ 

Blister fluid. In the course of our work we thought it might be possible to 
cause the release of some pain-producing agent by applying an injurious 
degree of heat to the raised epidermis of the blister, in the hope that, without 
directly stimulating the pain nerve endings in the base of the blister, we might 
get delayed pain from a substance released into the blister fluid. This experi- 
ment was never completed as it was found that the control blister fluid itself 
caused pain. 

The main features of the pain produced by blister fluid are: 

(i) There is a latent period ranging from 15 to 45 sec between the moment 
of application of the fluid and the first sensation of pain (Fig. 13a). 

(ii) The pain rises to its peak in stages, is maintained at a high level for 
1-2 min, and then declines at a variable rate (Fig. 13a). If the fluid is kept on 


. the blister area the pain may last, with fluctuations, for several minutes. 
22-2 
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(iii) There are no itching, wheal or vascular responses such as occur with 
histamine. 

(iv) The pain-producing substance in blister fluid is unstable at room 
temperature. Fig. 136 illustrates the ineffectiveness of blister fluid 4 hr after 
aspiration although the area was at this time more sensitive to acetylcholine 
than before. The blister fluid caused pain in 18 out of 20 applications made 


Blister fluid (fresh) ACh ACh 
10“ 6x10" 


ACh Blister fluid fold) ACh ACh 
10“ 5x10°5 


Fig. 13. Record of pain responses to fresh and old blister fluid. Cantharidin blister area. Subject 
J.W.M. (a) Fresh blister fluid aspirated from the cantharidin blister 25 min before it was 
applied to the area. Latent period between application and onset of pain, 18 sec. (b) Sample 
of same blister fluid applied 4 hr after aspiration. 

within 1 hr of aspiration. When the fluid was kept for more than 1} hr it failed 

to cause pain in all of 11 applications. This absence of effect was not due to 

refractoriness of the area, since it occurred also when ‘old’ blister fluid was 
applied for the first time to the area. 

Fluid taken from blisters produced by experimental burns on human skin 
acted exactly like fluid obtained from cantharidin blisters. 
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Serum. Fig. 14 shows a pain response to serum in subject R.M.L.D. As 
with blister fluid: (a) there was a latent period before pain was felt (range 
10-45 sec); (6) the increase to the peak was stepwise; and (c) the pain was 
maintained for a while and then decayed gradually. The pain lasted for several 
minutes when the serum was left in contact with the area. The pain-producing 
substance in serum differed from that in blister fluid in that it was stable at 
room temperature for at least several days. The substance in serum was 
dialysable. 

After the application of acetylcholine the area recovered its normal sensi- 
tivity in 10 min (see Table 3). Rapid recovery also occurred with certain 
other pain-producing agents, but with serum there was usually a progressive 
reduction in the response after repeated applications (Fig. 15), even when the 
interval between them was 20 min or more. 


ACh ACh Serum ACh 
104 5x10 


Fig. 14. Record of pain response to serum. Cantharidin blister ares. Subject R.M.L.D. The 


serum was prepared from R.M.L.D.’s own blood. Latent period between application and 
onset of pain, 12 sec. 


Plasma. Plasma prepared freshly from heparinized blood and applied to the 
blister area within 1 hr of collecting the blood, did not cause pain (Fig. 3). 
Plasma which was kept in the refrigerator for 24 hr invariably caused pain 
similar to that produced by serum. 

The absence of pain with fresh plasma was not due to the added heparin, as 
the addition of heparin to serum did not prevent the pain produced by the 
latter. 

Platelet extract. Platelets have long been recognized as the source of the 
vasoconstrictor substance found in serum (Stewart & Zucker, 1913). Fig. 16 
shows the pain response to a platelet extract and the absence of response to 
the control solution prepared from platelet-free plasma. 
5-Hydroxytryptamine (serotonin) creatinine sulphate. The actions of 
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5-hydroxytryptamine creatinine sulphate were studied because this substance 
has been isolated from serum (Rapport, Green & Page, 1948; Rapport, 1949). 
It is not present in normal blood or plasma and is presumed to be formed from 
the platelets during blood clotting (Rand & Reid, 1951). The substance 


1 min 
0 
19 sec 23sec ~° 133sec 18 sec 43 sec 
5-HT Serum Serum 5-HT Serum 


10” 10+ 
Fig. 15. Record (reproduction) of pain responses to 5-hydroxytryptamine and to serum. Develop- 
ment of refractoriness. Cantharidin blister area. Subject J.W.M. The figures at the top show 
concentrations of acetylcholine. The figures to the right of the arrows indicate latent period 
between application of 5-hydroxytryptamine (5-HT) or serum and onset of pain. 


Control ACh Platelet extract ACh 


10“ 5 x10° 
Fig. 16. Record of pain response to platelet extract. Cantharidin blister area. Subject R.M.L. D. 
Latent period of 25 sec between application of extract and onset of pain. Control <solution 


prepared from platelet free plasma. | 
recently been synthesized and become available for research purposes (Hamlin 
& Fischer, 1951; Speeter, Heinzelman & Weisblat, 1951). 
5-Hydroxytryptamine creatinine sulphate caused delayed and prolonged 
pain which was similar to that produced by blister fluid and serum (Fig. 17). 


It was active in very low concentrations, pain sometimes being recorded at 
10-* g/ml. (Fig. 18). 
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ACh Serum 
10 


ACh 5-HT 
10“ 


Fig. 17. Records of pain responses (a) to serum, and (b) to 10~* g/ml. 5-hydroxytryptamine 
creatinine sulphate (5-HT). Cantharidin blister area. Subject R.M.L.D. The serum was 
prepared from R.M.L.D.’s own blood. Latent period, 40 sec between application of serum 
and onset of pain, and 19 sec with 5-HT. 
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Fig. 18. Record (reproduction) of pain response to 10-* 5-hydroxytryptamine creatinine sulphate. 
Cantharidin blister area. Subject J.W.M. 
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Tryptamine caused pain of the same type as that produced by 5-hydroxy- 
tryptamine, but was more than 10 times weaker than the latter. Fig. 19 shows 
a well-marked pain response to 10-* tryptamine hydrochloride. Repeated 
applications of 5-hydroxytryptamine and tryptamine caused the development 
of a refractory state similar to that described for serum (Fig. 15). 


ACh ACh 'Tryptamine 
5x 10° 2:5 x10° 10+ 


Fig. 19. Record of pain response to 10~* tryptamine hydrochloride. Cantharidin blister area. 
Subject R.M.L.D. Latent period, 20 sec between application and onset of pain. 


DL-T'ryptophan did not cause pain even when applied in concentrations up 
to 10-%. 

Antagonists to pain-producing substances. The blister technique is well suited 
to the study of antagonists to pain-producing agents. The area is bathed for 
10 min in a solution of the antagonist (the subject being unaware that the 
ordinary bathing fluid is not being used) before application of the pain- 
producing substances. Fig. 20 shows how cocaine hydrochloride in concentra- 
tions of 2 x 10-* and 10-* reduced the responses to acetylcholine. 


Application of pain-producing substances on burn blister area 
The effects of different pain-producing agents were tested on the burn 
blister area in order to eliminate the possibility that cantharidin might have 
influenced the results. Fig. 21 shows that the responses to acetylcholine and 
to 5-hydroxytryptamine were comparable with those recorded on cantharidin 
blister areas. 
DISCUSSION 


In the study of pain the first question that arises is how to evaluate a subjec- 
tive estimate of its occurrence and intensity. Pain is, of course, by its nature 
subjective, and although it may be accompanied by bodily manifestations 
these latter give no reliable estimate of the intensity of experienced pain. 
Sherrington (1900), in discussing such reactions in animals, said: ‘in all this 
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Minutes after removal of cocaine 


Fig. 20. Effect of cocaine on pain response to 6 x 10~* acetylcholine. Cantharidin blister area. 


Subject J.W.M. Between arrows cocaine hydrochloride 2x 10-* (O——O) and 10° 
(@—— @) applied for 10 min. 


{a) 


RL. 5-HT 10°’ ACh5 x 10“ 


RL 5-HT 10” ACh 10“ 


Fig. 21. Records of pain responses to acetylcholine and 5-hydroxytryptamine on 
(a) cantharidin and (6) burn blister areas. Subject in (a) C.A.K., in (b) J.W.M. 
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experimental work on animals the observer has to work through signs of 
subjective states incomparably inferior in most instances to the verbal 
communication establishable with an intelligent human being’; and Lewis 
(1942) has pointed out that, ‘we have no knowledge of pain beyond that derived 
from human experience’. Wolff, Hardy & Goodell (1942) have studied the 
discrepancies which occur between intensity of experienced pain and the 
degree of bodily reaction, and have suggested that a distinction should be 
made between the perception of pain and the reaction pattern to its presence. 

We therefore decided that in evaluating the pain-producing actions of 
chemical substances the most satisfactory approach would be to accept the 
subject’s estimate of pain and to devise experimental conditions which would 
test his reliability as a witness. This was done by administering solutions as 
unknowns so that, as far as possible, the subject had no clues as to their 
identity. In the blister-area studies the differences between the solutions were 
chosen (on the basis of experience gained in early experiments) to give clear- 
cut differences in response, and by this means inconsistent results occurred 
rarely. The negative responses to subthreshold concentrations of active agents, 
coupled with appropriately graded responses to different effective concentra- 
tions of these agents, show that the psychological factors involved in the assess- 
ment of pain have been adequately taken into account. Three of the subjects 
(R.M.L.D., C. A. K. and J. W. M.) have in the past had considerable experience 
of assessing the intensity of experimental pain, but the remaining seven 
persons, who were new to such procedures, also gave consistent results. 

Variations in sensitivity among different persons can only be estimated by 
noting the concentrations of pain-producing agents required to elicit pain. 
A common denominator is perhaps most simply introduced by recording the 
threshold concentrations of substances required to cause pain in different 
individuals. We have, for example, found with the blister technique that the 
threshold for acetylcholine ranged from 10-* to 5 x 10- in all ten subjects and 
that for 5-hydroxytryptamine from 10-* to 10-? in the four subjects tested. 
These figures refer to the results obtained when pain sensitivity was maximal. 

Originally we recorded pain sensations in writing, but we soon realized that 
the pain was nearly always fluctuating so that these written records gave 
a very imperfect account of what we actually experienced. The method of 
recording pain on a smoked drum enabled us to describe the pain as it occurred. 
The description is, of course, quantitative and takes no account of differences 
in quality of pain which do sometimes occur and which are not recorded unless 
the sensation of pain changes to one of itch. 

A blister induced by cantharidin is formed by a separation of the epidermis 
from the underlying dermis with an exudation of a serum-like fluid between 
the two. As the blister forms, the fine intra-epidermal pain nerve terminals 
(Woollard, Weddell & Harpman, 1940) would be ruptured so that their broken 
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endings would, after opening of the blister, be directly accessible to applied 
solutions. The blister base presumably also contains numerous other free 
nerve endings and networks sensitive to pain-producing chemical agents. 

It would appear that the intensity of pain recorded after application of 
a pain-producing substance is directly proportional to the number of nerve 
endings stimulated. A blister about 1 cm in diameter was sufficiently sensitive 
for our purposes. We have not made larger blisters as the available skin of the 
forearm would soon have been used up, but they would presumably be more 
sensitive. | 

Although we assume that the stimulated nerve endings are those in the 
exposed blister base, it may well be that additional nerve endings beyond the 
margin of intact skin around the blister area are also stimulated by diffusion of 
the pain-producing agent. We cannot localize the pain sufficiently well to 
answer this question, but we have the impression that acetylcholine, which 
acts immediately its solution touches the area, must act on the exposed endings; 
on the other hand 5-hydroxytryptamine which causes delayed pain, and 
histamine which causes delayed itching, might act partly on nerve endings in 
the surrounding intact skin. 

It is difficult to know to what depth the pain nerve terminals are stimulated, 
and whether free nerve endings or nerve fibres are being stimulated. During 


_ the refractory period which follows an effective application of acetylcholine, 


KCl was fully active, but during the period of refractoriness which follows 
an application of KCl, acetylcholine had no effect. These findings are com- 
patible with the usual assumption that acetylcholine excites nerve endings and 
not nerve fibres, whereas potassium is capable of stimulating both endings 
and fibres (see Brown & Gray, 1948). 

The differences in time-course of action of the various chemical substances 
which we have studied cannot yet be explained. Differences in rates of pene- 
tration, actions on different parts of the nerve terminals or networks, the 
conversion of the applied substance to an active agent or the liberation of an 
active compound from the tissues, are some of the possible factors whose 
importance remains to be assessed. These considerations apply particularly to 
the effects of histamine, compound 48/80 and skin extracts. Histamine in 
concentrations of 10-* and 10~ caused initial pain followed by itching, whereas 
smaller concentrations of histamine (10-° and 10-*) caused itching only. 
Compound 48/80 caused pain which preceded, accompanied and even outlasted 
the itching (see Fig. 11). The question which arises is whether the pain produced 
by compound 48/80 is due to (a) liberation of histamine in high concentrations 
in close relation to the pain nerve endings, or (b) some other action of the 
compound, unrelated to its histamine liberating activity. 

A somewhat similar but more complicated case is that of skin extracts. 
Here it is known that free histamine is present, but it is also possible, since no 
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precautions were taken to wash out all the blood in preparing the skin extract, 
that 5-hydroxytryptamine might account for the pain. The actual concentra- 
tion of histamine in our extracts was about 5 x 10-* which itself is sufficient 
to cause the itching but not the pain. The latent period of 22 sec between 
application of the skin extract and the onset of pain is compatible with the 
action of 5-hydroxytryptamine. However, we have not excluded the possibility 
of the pain being due to some other quite different type of chemical substance. 
The possibility that cantharidin might either sensitize the area to the action 
of the pain-producing substances which we have investigated, or form the 
active pain-producing agent in the blister fluid can be excluded because of the 
results obtained with blisters produced by experimental burns. The fresh fluid 
aspirated from burn blisters behaves just like that from cantharidin blisters, 
and the exposed base of a burn blister shows the same sensitivity to pain- 
producing agents as does the base of a cantharidin blister. Furthermore, 
cantharidin in a plaster, or in oil, does not cause pain when applied to a blister 
base. There is thus no evidence that cantharidin itself plays any part in the 
pain responses recorded from a cantharidin blister area. 

An exposed blister area is perhaps an abnormal approach to the responding 
nerve endings and might be hypersensitive to pain-producing agents, since any 
mild inflammation causes hyperalgesia. However, the threshold concentra- 
tion of acetylcholine on the blister area is about 10-°, which is the same value 
as that found by Douglas & Gray (1953) for the afferent endings in the cat’s 
skin. This suggests that the blister area is not abnormally sensitive to acety)- 
choline. On the other hand, the area might be hyposensitive to other agents. 
For example, substances which stimulate the fine nerve endings in the epidermis 
might not affect the endings and networks in the superficial dermis. This is at 
present a matter for speculation. 

The blister technique has many advantages. It is more sensitive, more 
reliable and less unpleasant than any injection procedure. There is no pain due 
to insertion of a needle, and after the first 10-15 min there is usually no 
spontaneous pain either. Further, the applied solutions do not have to be 
bacterially sterile. They gain rapid access to the nerve endings and networks 
in the superficial layers of the dermis. With suitable intervals between applica- 
tions, the effects of different solutions may be compared on the same set of 
nerve terminals under a comparable state of sensitivity for each test. Finally, 
fluctuations in sensitivity of the area are detected by application of standard 
solutions of acetylcholine, and the effect of a given solution is assessed by 
a clear-cut response to a single application, whereas with the injection technique 
numerous injections have to be given whose effect must be analysed ‘saad 
as in,work by Rosenthal (1950) on histamine and in the preliminary ex 
ments of this paper. 


Since we have shown that blister fluid contains a pain-producing agent we 
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obviously have to account for the absence of pain during the development of 
the blister. Our speculation would be that the substance found in cantharidin 
blister fluid accumulates slowly so that the number of nerve endings stimulated 
per unit time is insufficient to cause pain. The nerve endings finally become 
refractory to the substance in blister fluid, but recover their sensitivity when 
the fluid is removed. We suggest that with a thermal burn the delayed pain 
(which, as described by Lewis (1942), develops after a latent period of 15-20 sec 
and lasts for many minutes after the actual application of heat) is caused by 
the more rapid accumulation of the pain-producing substance which stimulates 
a sufficient number of nerve endings per unit time to cause pain. 


SUMMARY 


1. A method for continuous graphic recording on a smoked drum of pain 
intensity (and of itching) is described. Pain is assessed subjectively. 

2. Intradermal injection and pricking through a drop of solution on the 
skin are not satisfactory routes of administration in the study of pain-producing 
agents, but the exposed base of a cantharidin blister is a satisfactory prepara- 
tion for testing pain-producing substances in human skin. The blister technique 
has the following advantages: 

(a) There is no pain from a needle prick, and usually no spontaneous pain. 

(6) The pain-producing solutions gain rapid access to the same set of nerve 
endings on each application. This facilitates comparison of different solutions. 

(c) Fluctuations in sensitivity of the area are detected by recording the 
responses to a standard pain-producing substance such as acetylcholine. 

(d) The technique is more sensitive and less unpleasant than other 
procedures. 

(e) It is suitable for the study of antagonists to pain-producing substances. 

(f) The applied solutions need not be sterile as they are washed off 
immediately after use. 

3. The features of the pain produced by various agents are: 

(a) Acetylcholine chloride (10-* to 10-* g/ml.) produces pain which begins 
as soon as the solution touches the blister area, rises rapidly to a peak, falls 
rapidly and disappears in 15-45 sec. The area is then rey. to further 
applications for about 5 min. 

(6) With KCl (0-12-0-8%) the pain begins less abruptly than with acetyl- 
choline, reaches a peak in 3-5 sec and disappears in 1-1} min. | 

(c) Hypotonic (e.g. 0-3°% NaCl) and hypertonic (e.g. 5% NaCl) solutions, 
and } isotonic Na citrate act like KCl. 

(2) HCl and lactic acid solutions cause pain when the pH is below 3. 

(e) Histamine (10-* g/ml. as base) causes immediate pain followed by 
itching. Concentrations below 10-* cause itching only. Compound 48/80 
causes pain and itching, the former preceding and outlasting the latter. 
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(f) Saline extracts of rat and human skin cause prolonged pain after a latent 
period of 15-60 sec. Itching also occurs. 

(9) Fluid aspirated from cantharidin or experimental burn blisters causes 
pain without itching after a latent period of 15-45 sec. The pain increases in 
stages to a peak which is maintained for 1-2 min and then declines slowly; 
when the fluid is kept on the area pain lasts for several minutes. 

(A) Serum, platelet extract, 5-hydroxytryptamine (serotonin) creatinine 
sulphate (10-*-10-* g/ml.) and tryptamine (10~-’-10-° g/ml.) cause pain like 
that due to blister fluid. Tryptophan (10-* g/ml.) does not.cause pain. Fresh 
plasma is inactive, but stored plasma (24 hr) acts like serum. Refractoriness 
develops on repeated application of serum or 5-hydroxytryptamine. 

(i) The pain-producing agent in blister fluid becomes inactive 1-1} hr 
after aspiration. The agent in serum remains active for several days and is 
dialysable. 


We are most grateful to the following for the part they played as subjects in our experiments: 
Dr T. M. Chalmers, Dr J. B. Chapman, Dr G. Patey and Messrs R. W. H. Edwards, I. 8. Lister 
and G. L. Pawan. We should like to thank Dr J. W. Stewart for his help in preparing platelet 
extracts and Dr F. Hobbiger and Dr J. B. Jepson for helpful discussions. We are indebted to 
Miss Jean Oswald for the drawing of Fig. 1 and to Miss G. Murgatroyd for help in preparing the 
figures. We thank Prof. J. H. Gaddum for our initial supply of 5-hydroxytryptamine (serotonin) 
creatinine sulphate, and Dr Merrill E. Speeter of the Upjohn Company, and Dr R. K. Richards of 
Abbott Laboratories for larger supplies of this substance. Dr C. H. Kellaway, late Director in Chief 
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DISTRIBUTION OF HISTAMINE IN THE MUCOSA OF THE 
GASTRO-INTESTINAL TRACT OF THE DOG 


By W. FELDBERG anp G. W. HARRIS 
From the National Institute for Medical Research, Mill Hill, London, N.W.7 


(Received 22 August 1952) 


It is known that the mucosa of the gastro-intestinal tract of dogs contains 
much histamine when compared with other tissues (for references see Douglas, 
Feldberg, Paton & Schachter, 1951). In the present work an attempt has 
been made to define more exactly the localization of histamine in terms of 
histological structure. For this purpose serial sections were made, by a freezing 
technique, through flattened pieces of mucosa taken from representative 
regions of the dog’s gastro-intestinal tract. The sections were made in a 
horizontal plane and were extracted and assayed for histamine, or examined 
microscopically. Curves (‘histamine profiles’) were constructed in which the 
ordinates represented histamine content of the sections and the abscissae 
position and thickness of the sections. 


METHODS 


The gastro-intestinal tract was either removed as a whole from dogs anaesthetized with pento- 
barbitone sodium and killed by bleeding, or the different parte of the tract removed as required 
from dogs maintained under prolonged pentobarbitone anaesthesia. The lumina of the removed 
parts were washed with saline solution; each part was then opened longitudinally, the stomach 
along the small curvature and the intestine along the mesenteric border. The mucosal surface was 
rewashed, and the parts not used at once stored in ice-cold saline solution for periods not longer 
than 3 hr. 

Most observations were made on the histamine content of the mucosa. Since this layer of the 
_ intestinal wall is normally held in a convoluted state by the muscularis externa, it was first 
necessary to remove this muscle layer so that pieces of mucosa (with part of the submucosa 
attached) could be flattened and correctly positioned on the freezing microtome. The procedure 
was as follows. Pieces of mucosa and submucosa that had been gently dissected free of the 
muscularis externa were dried between filter-papers and placed over the vaselined end of a 
Perspex rod (diameter 1-8 cm). The free surface of this tissue was then placed on the freezing 
microtome, care being taken that the Perspex rod was held in the vertical plane before freezing. 
If, when sectioning was begun, it was found that the mucosa was not horizontally placed on the 
taken in order from submucosa to mucosa or from mucosa to submucosa. 
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Frozen sections were cut 10 thick. In several experiments alternate sections were reserved 
for histological studies. Those used for histamine assay were brought singly or in pairs into small 
tinfoil cups, weighed on a torsion balance and covered with a few drops of »/3-HCl. The time 
between cutting the sections and covering them with acid was kept as short as possible and was 
always less than 1 min. The sections were then transferred with the HCI into separate 25 ml. 
flasks, the tinfoil cups washed with a few more drops of HCl and a few ml. of saline solution, the 
washings and a drop of universal indicator being added to the flasks, the contents of which were 
brought to the boil and cooled. 

The extracts were either assayed at once or after storage for a day or two at about 0° C. They 
were neutralized with x/3-NaOH, made up to a given volume with saline solution and assayed 
on the atropinized guinea-pig’s ileum preparation against histamine acid phosphate. The histamine 
values given, however, refer to the base and not to the salt. 

In the early experiments the sections were ground with hydrochloric acid and sand in a mortar 
before boiling. This procedure was later used only for thick pieces of mucosa, but was omitted in 
the extraction of sections because it was found that in these the grinding did not affect the hist- 
amine yield, as shown by the values of consecutive sections extracted alternately with and with- 
out grinding. 

Histological procedures. The frozen sections not used for histamine assay were fixed in 10% 
formol. In experiments in which all the frozen sections were used for histamine assay an adjacent 
piece of mucosa and submucosa was taken, pinned flat, fixed in 10% formol and sectioned in 
a similar manner to the piece that was used for the histamine assay. In addition, representative 
pieces from different parte of the gastro-intestinal tract were fixed in glacial acetic acid, de- 
hydrated, embedded in wax and sectioned in various planes at a thickness of 4. All sections 
were stained with iron haematoxylin and Van Gieson. 


Tastz 1. Comparison of histamine content of mucosa and submucosa (a) extracted without 
sectioning and (b) when sectioned and the values obtained for the individual sections 
summated 


Histamine No. of 
(ng/g) or 

Expt. Region (a) (6) b) of (a) 
3 Stomach body 110 110 8 100 
Duodenum 73 71 27 97 

4 Duodenum 55 57 16 104 
Duodenum 62 59 15 95 

Duodenum 65 72 13 lll 

5 Stomach body 84 89 ll 106 
Duodenum 112 16 75 

6 Stomach body 48 61 17 129 
Duoden 35 35 14 100 

Tleum* 28 21 24 75 

7 Stomach body 59 70 ) 119 
Stomach body 65 65 ll 100 

Stomach pyloric 32 39 13 125 

s Stomach body 133 110 10 83 
Stomach 57 68 12 119 


RESULTS 
The procedure of sectioning the mucosa and subsequent treatment of the 
sections did not result in any loss of histamine. This may be seen by referring 


to Table 1, in which the histamine values for various pieces of mucosa 
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extracted without sectioning are compared with the summated values obtained 
from the individual sections of adjacent pieces of mucosa. The variations in 
the values obtained by the two methods are slight, and similar variations 
were seén if two pieces of adjacent mucosa were extracted by either the one or 
the other method (see Table 1). On the other hand, if the sections were not 
placed in acid within 1 min of cutting, but were left temporarily uncovered, 
or placed in saline solution, then it was found that their total yield of 
histamine was much lower than that of a piece of mucosa extracted without 
sectioning. 

In addition, pieces of the whole mucosa kept at room temperature in saline 
solution for a few hours also lost part of their histamine, but no such loss, or an 
insignificant one, occurred when the tissue was kept in ice-cold saline solution 
instead. 


The histamine profile of the gastric mucosa and submucosa 
ing previous work (Gavin, McHenry & Wilson, 1933; Emmelin & 
Kahlson, 1944; Trach, Code & Wangensteen, 1944; Douglas ef al.‘1951), it was 
found that the histamine content of the gastric mucosa varied greatly from 
dog to dog, and that the mucosa from the body yielded higher values than that 
from the pyloric region. Results from six dogs are given in Table 2. 


Tasiz 2. Histamine content of gastric mucosa and submucosa together with the highest hist- 
amine value (given in brackets) found in the sections through an adjacent, piece of mucosa 
from the same stomach 


pg/g histamine 
Expt. Body Pyloric region 
3 110 (140) Bi 
5 84 (100) a 
6 48 (94) ai 
7 59 (100) 32 (85) 
65 (85) 32 (85) 
~ 133 (145) 57 (127) 
9 108 (148) 41 (120) 
115 (127) 70 (127) 


Histamine is not evenly distributed amongst the different layers of the 
mucosa, as shown by the assays on frozen sections. The highest values obtained 
in a section from the pieces of gastric mucosa plus submucosa are shown in 
brackets in Table 2, and it may be seen that the peak values obtained in 
sections from pyloric mucosa were nearly as high as those in sections from the 
mucosa of the body of the stomach, although the pyloric mucosa had a much 
lower average histamine content than that of the body. 

In Fig. 1 typical histamine profiles are given of the mucosa plus submucosa 
of the body and pyloric region. In the body there are usually two peaks. In 
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some experiments the maximal histamine values of the two peaks were about 
equal, in others the peak nearer the submucosa was higher, or more often that 
nearer the lumen, as in the experiment of Fig. 1. The trough between the peaks 
was usually pronounced, its width varied, but in two of ten experiments it was 
absent. The histamine profile of the pyloric region showed, in all experiments, 
only one peak. 

Correlation with histological structures in the mucosa and submucosa of the 


body. In Fig. 1a a microphotograph of a transverse section through the mucosa — 


and submucosa of the body of the dog’s stomach has been placed below the 
histamine profile so as to relate histological structure with histamine level. The 
main structures in passing from the submucosa towards the lumen are as 
follows: connective tissue (submucosa)—smooth muscle (muscularis mucosae) 
—glands (deeper parts consisting mainly of zymogenic cells, towards the neck 
of the glands parietal cells mainly)—gastric pits—surface epithelium. 

The two peaks seen in the histamine profiles could be correlated with the 
region of the muscularis mucosae and with that region of the glands which 
consists mainly of parietal cells, whereas the trough between the two peaks 
- corresponded to the deeper part of the glands consisting mainly of zymogenic 
cells. 

The actual figures from which the histamine profile given in Fig. la was 
constructed are given in Table 3, together with the histological findings from 
the intermediate sections. It was not found possible to obtain sections con- 
sisting wholly of muscularis mucosae; a certain proportion of connective 
tissue, of glands, or of both was included. In each experiment, however, the 
section or sections containing the greatest proportion of muscularis mucosae 
was adjacent to the section giving the highest histamine value. Furthermore, 
it was sometimes possible to say from the macroscopic appearance of the 
tissue when cutting the sections which section contained the bulk of the 
muscularis mucosae. Such sections always gave the high histamine values 
which in the profile formed the peak near the submucosa. 

It, is difficult to correlate the peak in the histamine profile near the sub- 
mucosa to any other structure but the muscularis mucosae. It would be 
difficult to associate it with zymogenic cells in the deeper parts of the gland, 
since the more superficial sections contain greater numbers of these cells, but 
form the trough in the profile. It is also difficult to correlate the peak to the 
connective tissue of the submucosa for the following reasons: (a) The peak in 
Fig. 1a would be situated at the extreme right side of the profile. (6) Pieces of 
submucosa removed and extracted separately gave lower histamine values 
than those of the sections containing the bulk of the muscularis mucosae. 
In the experiment illustrated in Fig. 1a, a piece of submucosa yielded 62 ug/g 
histamine, as compared with the peak value of 114g/g. (c) When the mucosa 
is dissected from the submucosa, the muscularis mucosae adheres to the sub- 
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Fig. 1. Histamine profiles and microphotographs of mucosa and submucosa of (a) the body, and 
(b) the pyloric region of stomach of the same dog. 


Tasiz 3, Histamine values and histological findings of alternate sections from mucosa and sub- 
mucosa of the body of the stomach. Same experiment as Fig. la. Sections in series from 
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mucosa (Fig. 2).* If these layers are sectioned separately, the glandularis 
mucosae shows no peak value in its deeper region, whereas the histamine 
values of the section of the submucosa and muscularis mucosae shows a 
maximal rise at the location of the muscularis mucosae. It is therefore con- 
cluded that the peak near the submucosa results from a high histamine content 
of the muscularis mucosae and the trough from a relatively low histamine 


content of the zymogenic cells in the gastric glands. 


Fig. 2. Microphotographs of mucosa and submucosa of body of dog stomach separated by 
dissection. Muscularis mucosae adheres to submucosa. 


The peak in the histamine profile near the lumen is correlated with the greater 
concentration of parietal cells in the necks of the glands and thus points to 
a high histamine content of these cells. The possibility, however, that some 
other tissue, such as the mucous neck cells present in the glands of this region, 
contributes to this high value cannot be excluded. The section nearest the 
lumen has a low, and sometimes a very low, histamine value which is corre- 
lated with the epithelial cells of the gastric pits and surface epithelium. These 
cells, therefore, contain little histamine. 

Correlation with histological structure in the mucosa and submucosa of the 
pyloric region. In Fig. 1b the histological structures in relation to the histamine 
level for this part of the dog’s stomach are again indicated. As seen from the 
microphotograph, the main tissues which occur in passing from submucosa to 
mucosa are as follows: connective tissue (submucosa)—smooth muscle 
(muscularis mucosae)—pyloric glands—deep gastric pits—surface epithelium. 
The actual figures from which the histamine profile of Fig. 15 was constructed 
are given in Table 4, together with the histological findings. 

* In two previous papers by Feldberg & Lin (1950) and by Douglas et al. (1951), in which the 
choline acetylase and histamine content of the wall of the gastro-intestinal tract were investigated, 
separation of the different layers of the wall was also performed by dissection. It was assumed that 
the muscularis mucosae adhered to the glandular mucosa, which the gross appearance of the 
structures would indicate, whereas in fact it remains adherent to the submucosa. Therefore, 
reading these previous papers, it should be borne in mind that what these authors termed muscu- 
laris mucosae is the deeper parts of the glands and what they termed submucosa is submucosa 
plus muscularis mucosae. 
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As usual, the submucosa of the pyloric region yielded much lower histamine 
values than that of the body. In the experiment of Fig. 1 a piece of sub- 
mucosa from the pyloric region, removed and extracted separately, gave 
a histamine value of 18 ug/g as compared with the 62 for the submucosa 
of the body. To see whether the histamine content of the submucosa was 
derived from the vascular plexus situated in this coat, fragments of con- 
nective tissue were removed by naked eye dissection, containing either no 
visible vessels, or many large ones. The histamine contents of these samples 
were not significantly different. 


Taste 4. Histamine values and histological findings of alternate sections from mucosa and 
submucosa of the pyloric region of the stomach. Same experiment as Fig. 1b. Sections in 
series from submucosa to mucosa 


Gastric 
No. pits, 
of Weight Histamine Connective Smooth pes surface 
section (mg) (ug/e) tissue muscle epithelium 

l 12-8 s 

2 +++ ‘ 

3 15-7 14 ; 
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The region of the muscularis mucosae was not associated with a definite 
histamine peak as in the mucosa of the body, the histamine values being only 
slightly above those of the submucosa. This indicates a low histamine content 
of this muscle layer in the pyloric region. The histamine peak was always in the 
region of the pyloric glands, the cells of which would therefore appear to have 
a high histamine content. The steepness of the histamine peak in the profile 
may be correlated with the arrangement of the pyloric glands in a well-defined 
compact zone. The long gastric pits again gave low values. The fact that 
section 21 (Table 4) contained practically no histamine may suggest that the 
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cells of the surface epithelium and pits are practically histamine free. The 
presence of some histamine in sections 17 and 19 may then be due to the gland 
cells and to the connective tissue between the pits. 


The histamine profile of the mucosa and submucosa of the intestine 


The histamine content of the mucosa of the duodenum showed the same wide 
individual variations as that of the gastric mucosa. Values ranging between 
35 and 160ug/g mucosa were obtained. Again the histamine was not evenly 
distributed amongst the different layers. In most cases there were two peaks, 
one near the lumen and one near the submucosa. In two experiments the peak 
near the lumen was absent; in one of them two pieces of mucosa from the same 
duodenum were examined and the peak near the lumen was absent in both. 

Fig. 3 illustrates a typical histamine profile of duodenal mucosa. Apart 
from the two peaks there were small irregularities which were seen more 
frequently than in the histamine profiles of gastric mucosa. In addition, the 
profiles of duodenal mucosa were flatter, because the changes in histamine 
content were not only less pronounced but also occurred more gradually since 
they were distributed over a greater number of sections. 

In Fig. 3, a microphotograph of a transverse section through the duodenal 
mucosa has been placed below the histamine profile. The main structures in 
passing from the submucosa towards the lumen are as follows: connective 
tissue (submucosa)—smooth muscle (muscularis mucosae)—glands (crypts of 
Lieberkiihn)—villi. 

. There was no difficulty in correlating the histamine peak near the lumen 
with the presence of villi for the following reasons: (a) The presence of villi 
was clearly seen and noted when sectioning the mucosa, since sections con- 
taining only villi disintegrated on thawing. These sections yielded the high 
histamine values in this region. (b) Alternate sections of a piece of mucosa 
were studied for histological structures and histamine content, or one piece 
was sectioned for histamine content and an adjacent piece for histological 
structures. In both series of experiments the presence of villi coincided with a 
high histamine content. The peak values for histamine were related to sections 
consisting only of villi. The sections, which showed the beginning of the 
histamine rise, corresponded to sections near the base of the villi still containing 
a large proportion of glandular tissue. As the proportion of villi increased in 
the sections, the histamine values rose concurrently. (c) In one experiment the 
villi were scraped off the mucosa; one piece of this tissue was sectioned for 
histamine content and another for histological study. The absence of villi was 
seen microscopically and the histamine peak near the lumen was absent. 

The trough in the histamine profile corresponded to the region of the mucosa 
containing the crypts of Lieberkiihn in all experiments in which histological 
comparisons were made. 
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Histamine 


Fig. 3. Histamine profiles and microphotographs of mucosa and submucosa 
from dog duodenum and jejunum. 
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The second peak in the histamine profile is located in the region where the 
bases of the glands, the muscularis mucosae and the submucosa meet. The 
possibility that the glands at their base have a high histamine content and are 
responsible for the peak cannot be definitely excluded. However, the following Y 
three observations suggest that the muscularis mucosae is the tissue re- . 
sponsible for this peak: (a) Alternate sections of a piece of mucosa were | 
studied for histological structures and histamine content. The sections giving 
the peak values for histamine were found between those in which smooth 
muscle fibres were present. However, these sections also contained some con- 
nective tissue and glands. (b) In one experiment the submucosa with muscu- 
laris mucosae was dissected off from the glandularis mucosae ; the second peak 
in the histamine profile at the submucosa end of the glandularis mucosae was 


Histamine (g/g) 


Fig. 4. Histamine profile and microphotograph of mucosa and submucosa from dog ileum. 


| absent. (c) In two experiments the submucosa, with muscularis mucosae 
| attached, was dissected free from the glandularis mucosae. Fragments of 
tissue were removed from either surface of this sheet of tissue; those from the 
| external surface consisting of connective tissue only, and those from the 
mucosal side consisting of connective tissue and a high proportion of muscu- 
) laris mucosae. The following figures were obtained for their histamine value: 
first experiment, connective tissue alone 100yug/g; connective tissue with 
muscularis mucosae, 175yg/g; second experiment, connective tissue alone, 
67 ug/g; connective tissue with muscularis mucosae, 86 ug/g. 
In one experiment on the jejunum histamine values and a histamine profile 
“of the mucosa were obtained. The profile was similar to that of the duodenum 
(Fig. 3). 

Two experiments on the ilewm demonstrated that the histamine values of 
the mucosa of this part of the intestine are considerably less than in the other 
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parts of the small intestine. The histamine profile differed from that of the 
duodenum and jejunum in that one peak only was present and this coincided 
with the position of the glands in the mucosa (Fig. 4). The villi and the region 
of the muscularis mucosae had relatively low histamine values. These findings 
were confirmed by histological study of adjacent sections. 

The histamine profile on the colon was similar to that of the ileum but even 
lower values were obtained (Fig. 5). The peak values were found in the region 
of the glands. 


Fig. 5. Histamine profile and a microphotograph of mucosa and submucosa from dog colon. 
Note that vertical scale is double that of Figs. 1, 3 and 4. 


These results confirm the observations of Douglas et al. (1951), who found 
that the histamine content of the mucosa decreased on passing from duo- 
denum to colon, but that the layer containing the glands remained relatively 
high throughout the intestine. 

DISCUSSION 
In allocating the histamine present in any region of the mucosa to a particular 
tissue, it must be remembered that all regions are composed of a complex 
mixture of tissues and that no region is histamine free. It is therefore not 
always possible to be precise when correlating the histamine content with 
structural elements. This was particularly difficult with regard to the thin 
muscularis mucosae. This layer, according to our analysis, has different levels 
of histamine in different regions. It may be argued that the method of serial 
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sections is hardly applicable to the analysis of such a thin layer in a relatively 
large piece of tissue, because it is impossible to avoid some obliquity of 
sectioning. Some of the values obtained for the muscularis mucosae may err 
on the low side, but this does not invalidate the finding that this muscle sheet 
is rich in histamine in some and poor in other regions of the gastro-intestinal 
tract. It is interesting in this connexion that the submucosa tissue showed 
similar regional differences in histamine content. 

Concerning the glandular structures in the mucosa, no such difficulties of 
interpretation were encountered. When the glandular tissue was localized in 
a well-defined zone, such as in the pyloric mucosa of the stomach, a sharp rise 
and fall in histamine values was obtained since the sections passed through the 
layer containing these glands. Throughout the gastro-intestinal tract the 
glands showed a high content of histamine, though variations between 
different types of glands were reflected in the histamine content, for instance 
between the layer rich in zymogenic and in parietal cells in the stomach 
mucosa. The difference between the high and low histamine values obtained 
with whole pieces of tissue in the body and pyloric region of the stomach 
mucosa is not due to the fact that the pyloric glands contain little histamine in 
comparison with the parietal cells and the zymogenic glands, but that they 
form a small proportion of the mucosal tissue. 

The villi in the upper part of the small intestine are also rich in histamine. 
It is unlikely that this is due to the strands of smooth muscle fibres passing 
into the villi from the muscularis mucosae, because the histamine values for 
this layer were lower than for the villi. The possibility of the muscle fibres 
being a contributing source of the high histamine content in this region 
however, is not excluded. 

When considering the physiological role of the mucosal histamine, its high 
concentration in the glands and in some parts of the villi and muscularis 
mucosae must be taken into account. Its function may well be concerned with 
several activities, secretory, absorptive, excretory and muscular. The high 
content of histamine throughout the glands of the gastro-intestinal mucosa 
shows a certain, but not an absolute, parallelism with the secretory action of 
histamine. It stimulates all gland cells of the gastro-intestinal tract, with the 
exception of the zymogenic cells which are either not stimulated by histamine, 
or only to a minor degree. These cells certainly contain less histamine than the 
parietal cells and pyloric glands, but how much less is difficult to assess, 


because parietal cells extend through the region of the zymogenic glands. 


SUMMARY 
1. Serial sections (frozen) were made in the horizontal plane through 
flattened pieces of mucosa and submucosa from the different regions of the 
dog’s gastro-intestinal tract. These sections were either extracted and assayed 
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for histamine or examined microscopically. ‘Histamine profiles’ were then 
constructed from the serial sections and correlated with the histological 


2. The histamine profile of the body of the stomach showed two peaks, one 
near the lumen in the region of the maximal concentration of parietal cells 
and one near the submucosa in the region of the muscularis mucosae. 

3. The histamine profile of the pyloric region of the stomach showed one 
sharp peak corresponding to the well-defined zone of the pyloric glands. 

4. The histamine profile of the duodenum showed two peaks, one near the 
lumen in the region of the villi and one near the submucosa in the region of the 
muscularis mucosae. 

5. The histamine profile of the jejunum resembled that of the duodenum, 
whereas the histamine profile of the ileum and colon showed only one peak 
located in the region of the glands. 

6. Although the overall histamine content of the mucosa and submucosa 
decreases in passing from stomach to colon, the mucosal glands retain a 
relatively high histamine content throughout. 
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THE MUSCULARIS MUCOSAE OF THE HUMAN STOMACH 
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There exist only a few papers concerning the physiology of the muscularis 
mucosae (Gunn & Underhill, 1915; King & Church, 1923; King & Robinson, 
1945; King, Glass & Townsend, 1947), and only one which deals with the 
muscularis mucosae of the human stomach in any detail (Thorell, 1927). 

The purposes of this investigation were twofold: (1) to determine what 
difference, if any, existed between the responses to drugs of the muscularis 
mucosae taken from different regions of the human stomach, and (2) to see 
whether any information could be obtained about the role of the submucous 
plexus in controlling the activity of the muscularis mucosae. 


METHODS 


Preparations of gastric muscularis mucosae were made from fresh human material obtained from 
the operating theatre. The method of preparation closely resembled that of King ef al. (1947). 
Longitudinal or transverse strips of stomach wall 6 cm long and 2 cm wide were cut out and the 
outer muscle coats dissected off by cutting along the plane of the loose submucous layer. In order 
to ensure that the musoularis mucosae was adequately exposed to the saline in the bath and the 
strip did not curl up with the mucous surface outermost as naturally happens, the strips were 
made up into cylinders (with the mucosal surface inside), by inserting a series of interrupted 
cotton stitches through the edges of the long sides of the strip and drawing them together. This 
also helped to ensure that any mucus secreted by the mucous membrane did not gain free access 
to the saline bath. The upper and lower ends of the strip were kept closed by the threads securing 
them to the writing lever and to the fixed hook at the bottom of the bath respectively. Excessive 
contamination of the bath by mucus always interferred with the sensitivity of the muscle to drugs. 

The cylinder of tissue thus prepared was mounted in a bath containing 60 ml. of magnesium- 
free Tyrode’s solution, oxygen being continuously bubbled through the solution which was kept 
at 37°C. Strips prepared in this way remained active for many hours. A very light, carefully 
balanced, frontal writing point lever giving a magnification x 20 was attached to one end of the 
_ strip of tissue and made to record the contractions on a smoked drum. In all tracings contraction 
is indicated by upward excursion of the pointer. 

The drugs employed were acetylcholine chloride, L-adrenaline hydrochloride, DL-noradrenaline 
succinate, nicotine tartrate, histamine acid phosphate (the concentrations of histamine mentioned 
refer to the base), atropine sulphate, hexamethonium bromide, ergotoxine ethanesulphonate and 
vasopressin (Pitressin). 
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RESULTS 
Spontaneous activity. ‘pelle cut in longitudinal or transverse direc- 
tions from all regions of all the stomachs showed spontaneous contractions 
within a few minutes of being placed in the bath. The amplitude and force of 
these contractions, which usually reached a steady state within 20 min after 
setting up the preparation, varied markedly in preparations made from 
different regions of the stomach. The frequency of the contractions varied 
from 1 in 15 sec to 1 in 2 min. 

Transverse strips from the pyloric end of the stomach (Fig. 1) showed 
spontaneous contractions of much greater 
amplitude than those from other regions, 
and the spontaneous activity of longitudinal 
strips from the lesser curve consisted of more 
vigorous contractions than those exhibited 
by strips from the greater curve of the same 
stomach (Figs. 8A, B). Indeed, so small were 
the spontaneous contractions of longitudinal 
strips from the greater curve that even with 
the magnification used the smoked drum 
record was poor, although such strips re- 
sponded quite briskly to the introduction of 
drugs. The frequency of contraction appeared 
to bear an inverse relationship to the ampli- 
tude; the frequency was low in those regions 


: Fig. 1. Longitudinal segment of mus- 
which gave rise to large spontaneous con- _cularis mucosse from pyloric region 
tractions, and vice versa. showing spontaneous contractions 

When strips of muscularis mucosae were the Tesponse to Pitressin. Time, 


10 sec. 


suspended in a bath at 27° C they were found 
to be partly contracted and showed little spontaneous activity. On gradually 
increasing the bath temperature, the muscle relaxed and spontaneous activity 
increased ; the contractions became first more vigorous and later more frequent. 
» Acetylcholine caused contraction in all preparations. The sensitivity varied 
from stomach to stomach, but in any one stomach the sensitivity was uniform 
in all regions. The preparations from three stomachs responded to 1:3 x 10° 
acetylcholine, but twenty-seven required a concentration of 1:3x 107. To 
produce maximal responses, a concentration of 1:3x 10° was required in 
twenty, and a concentration of 1:1-5 x 10° in the remaining ten preparations. 
_ Atropine (1:3 x 10°) prevented the response to a subsequent addition of 
acetylcholine (Fig. 2). In some segments atropine gave rise to a marked 
relaxation of the muscularis mucosae, and if large spontaneous contractions | 


were present, these were reduced. Hexamethonium (1:4 x ii did not affect 
the acetylcholine response. 


> 
+ 
4 ‘ 
q 
4 
4 
“er 


MUSCULARIS MUCOSAE OF THE HUMAN STOMACH 367 


Fig. 2. Longitudinal segment of muscularis mucosae from anterior wall of stomach near lesser 
curvature. Nicotine (1:6 x 10*) produced contraction, after blocking acetylcholine with 
atropine. Time, 10 sec. 


A 
Fig. 3. of rm th lamer ofthe 
A: relaxation with adrenaline (1:3 x 10°); B: contraction with acetylcholine 


(1:3 x 10°); C: relaxation with nicotine (1:6 x 10*). Time, 10 sec. 


Fig. 4.. Longitedinel curve. Ergotoxine (1:3 x 10*) 
does not block the transient relaxation resulting from adrenaline (1:3 x 10°). Time, 10 sec, 
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Adrenaline. The effect of adrenaline (1:3 x 10°) on the muscularis mucosae 
varied with the site from which the strip was taken. Muscle from the lesser 
curve responded by relaxation (Fig. 3). Other regions showed relaxation 
followed by a rapid return to the base-line (Fig. 4), or relaxation followed by 
contraction (Fig. 5A), or simply contraction (Figs. 5D and 6). The frequency 
of the spontaneous contractions were not markedly affected by adrenaline. 


Fig. 5. Longitudinal segments of muscularis mucosae to show how the response to adrenaline 
(1:3 x 105) varies with the site of origin. These are adjacent segments taken from the anterior 
wall of the stomach, A being nearest the lesser curvature, and D being nearest the greater 
curvature of the stomach. Time, 10 seo. 


Fig. 6. Longitudinal segment of muscularis mucosae from greater curvature showing that the 
contraction with adrenaline (1:3 x 10°) can be blocked by ergotoxine (1:3 x 10*). The response 
to nicotine (1:6 x 10*) following the ergotoxine is also shown. Time, 10 sec. 


If successive longitudinal strips of muscularis mucosae were taken across 
the wall of the stomach from lesser to greater curves, those which had come 
from nearest the lesser curve were found to respond by relaxation, while those 
from nearest the greater curve responded by contraction; the intermediate 
strips gave rise to a biphasic response, that is, first relaxation and then con- 
traction (Fig. 5). The motor response of adrenaline was abolished by ergo- 
toxine (1:3 x 10’) (Fig. 6) but not the inhibitory response (Fig. 4). 

Noradrenaline (1:3 x 10°) caused a transient relaxation in all preparations, 
which was followed by a period of slow rhythmic contractions of augmented 
amplitude (Fig. 7). 
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Pitressim (0-03 units/ml.) caused a pronounced contraction in all prepara- 

: tions, with suppression of rhythmic activity (Fig. 1). 

> Histamune (1:3x10*) produced only slight contraction of the gastric 
muscularis mucosae, although the same dose produced a marked contraction 

of the isolated muscularis mucosae of both the human jejunum and colon 

(Fig. 8). 


Fig. 7. Longitudinal segment of muscularis mucosae to show typical response to 
} noradrenaline (1:3 x 10°). Time, 10 sec. 


Fig. 8. Reactions of muscularis mucosae to histamine (1: 3 x 10*). A: longitudinal segment from 
lesser curvature of stomach; B: longitudinal segment from greater curvature of stomach; 
C: longitudinal segment from descending colon; D: longitudinal segment from terminal 
ileum. Time, 10 sec. 


Nicotine (1:6 x 10*) affected different strips differently. In some there was 
contraction (Fig. 2) and in others relaxation (Fig. 3). Those strips which 
|  Telaxed with nicotine were also those which responded to adrenaline with 
relaxation (Fig. 3). Both types of response to nicotine could be blocked by 
previous addition of hexamethonium (1:4 x 10*), although this did not alter 
the response to subsequent additions of acetylcholine or adrenaline (Fig. 9). 

Nicotine still produced its contraction after atropine had been added to the 
bath in sufficient concentration (1:3 x 105) to prevent the response to acetyl- 
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choline (Fig. 2). Further, in strips which contract to adrenaline, nicotine stil] 
caused contraction, even after sufficient ergotoxine had been given to prevent 
the response to adrenaline (Fig. 6). However, after the addition of both 
atropine and egotoxine, the nicotine contraction was abolished (Fig. 10). 


Fig. 9. Longitudinal segment of muscularis mucosae from anterior wall of stomach near lesser 
curvature. Nicotine (1:6 x 10*) produces relaxation; this can be blocked by hexamethonium 
bromide, C6 (1:4 x 10*) which does not interfere with the response to acetylcholine (1:3 « 10°) 
and adrenaline (1:3 x 10°). After blocking the response to acetylcholine with atropine 
(1:3 x 10), nicotine (1:6 x 10) still produces relaxation. Time, 10 sec. 


Fig. 10. Transverse segment of muscularis mucosae from pyloric end of stomach showing effect 
of nicotine (1:6 x 10*) before (A) and after (B) blocking acetylcholine and adrenaline with 
atropine and ergotoxine. Time, 10 sec. 


‘In those strips which relaxed to adrenaline and to nicotine, it was found 
that neither atropine nor ergotoxine affected the nicotine response, although 
hexamethonium would block it. 


DISCUSSION 


These experiments confirm that the muscularis mucosae of the human 
stomach is capable of undergoing spontaneous rhythmical contractions. These 
contractions are small in amplitude and for the most part feeble. In certain 
regions, however, the muscularis mucosae seems to be capable of more powerful 
movements, particularly in the region of the pylorus and the lesser curvature. 
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Since atropine added to a fresh rhythmically contracting strip often resulted 
in a relaxation, it would appear that acetylcholine was being continuously 
released and was at least partly responsible for maintaining the degree of 
contraction exhibited by the fresh strips. Whether this release of acetylcholine 
is normally responsible for maintaining tone, or merely resulted from the 
unavoidable trauma involved in preparing the preparation it is impossible to 
say. 
The fact that both the motor and the inhibitory response obtained with 
nicotine could be abolished by hexamethonium strongly suggests that both 
responses resulted from stimulation of ganglion cells, probably belonging to 
the submucous plexus. Ambache & Edwards (1951) have postulated from 
pharmacological experiments the presence in the myenteric nerve plexus of 
the intestinal wall two kinds of ganglion cells, those which give rise to 
cholinergic axons and those which give rise to adrenergic axons. The responses 
obtained with nicotine on the muscularis mucosae of the human stomach and 
the effects of atropine and ergotoxine on these responses are easily explained 
if a similar assumption is made for the submucous plexus. Since adrenaline 
can have motor and inhibitory effects on this muscle preparation, activation 
of adrenergic neurones by nicotine could result in motor and inhibitory 
responses, 

For instance, stimulation of ganglion cells which give rise to adrenergic 
axons could explain the inhibitory response obtained with nicotine in strips 
which were relaxed by adrenaline, as well as the atropine-resistant nicotine 
contraction obtained in strips which were contracted by adrenaline, since the 
atropine-resistant nicotine contraction was abolished when ergotoxine was 
given as well. On the other hand, the nicotine contraction obtained after 
& preparation had been rendered insensitive to adrenaline by ergotoxine would 
suggest stimulation of ganglion cells of cholinergic neurones, because this 
ergotoxine-resistant contraction was abolished when atropine was given as 
well. There is naturally some caution necessary in explaining the site of action 
of a drug on account of purely pharmacological analysis. For instance, 
nicotine has been shown to have a stimulating action on preparations of 
a cat’s circular muscle layer of the intestine, although the preparations were 
shown to be free from ganglion cells on histological examination (Evans & 
Schild, 1952) and nicotine is known to act on nerve endings, and these effects 
can be abolished by ganglion blocking substances (Coon & Rothman, 1940; 
Brown & Gray, 1948; Wada, Arai, Takagaki & Nakagawa, 1952; Douglas, 
1951). 


Of the other drugs investigated, pitressin always resulted in a very marked : 


contraction, and histamine in only a feeble contraction when compared with 

the acetylcholine response. In contrast, the muscularis mucosae of both the 

human jejunum and colon showed a marked contraction to histamine which 
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equalled and often surpassed in its extent the response to acetylcholine; it 
therefore seems that the stomach muscularis mucosae is ee insensitive 
to stimulation by histamine. 

SUMMARY 


1. The in vitro activity of the muscularis mucosae of the human stomach 
was found to vary according to the site from which it was taken, as also did its 


nse to 
always caused contraction of the muscularis mucosae. 

3. The effects of adrenaline were dependent on the site examined and it 
might cause relaxation, contraction, or relaxation followed by contraction, 
according to whether the tissue was taken from the lesser curve, or inter- 
mediate region. Noradrenaline caused a transient relaxation in all 
preparations. 

4. Nicotine, like adrenaline, affected different strips differently. In some 
there was contraction, in others relaxation. Both types of response were 
blocked by hexamethonium. 

5. Histamine only produced slight contraction of the gastric muscularis 
mucosae. 

6. Pitressin caused strong contraction of the gastric muscularis mucosae. 

7. Evidence was obtained that the submucous plexus may contain nerve 
cells, some of whose endings are cholinergic and some adrenergic. 


The author wishes to thank Mr J. Rodgers, Departmental Assistant, and the laboratory staff 
for their assistance. The noradrenaline succinate used in these experiments was kindly supplied 


by Burroughs Wellcome and Co. 
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THE RELATIVE IMPORTANCE OF THE BLOOD 

SUPPLY AND THE CONTINUITY OF THE AXON IN 

RECOVERY AFTER PROLONGED STIMULATION 
OF MAMMALIAN NERVE 
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The effect of fatiguing nerves in vitro with prolonged repetitive stimulation 
and the effects of anoxia have been extensively investigated (Gerard, 1932; 
Heinbecker, 1929; Bugnard & Hill, 1935). The investigation of these two 
factors in the living animal has been limited by the difficulty of obtaining 
standardized conditions between animals when im vivo methods are used. 

A method of stimulating the tibial nerve of the rabbit below the knee and 
recording the transmitted action potentials towards the ankle and towards 
the hip in the living animal has been described by Causey & Schoepfle (1951). 
This method can be used to obtain two similar specimens in one nerve. In this 
way it is possible to alter the conditions at one end of the nerve and not at 
the other, thereby obtaining data in which the variation between animals is 

The method has been applied in the present investigation to an examination 
of the effect of large numbers of stimuli continued over periods of 2-3 hr, 
using the conduction time of the transmitted action potential in mammalian 
nerve as an index of its fatigue and recovery. We have made a systematic 
investigation of the effect of interference with the blood supply and of 
severance of the axon from its cell body. 


METHODS 


Rabbits of about 2-5 kg were anaesthetized by intravenous urethane (about 6 ml. of a 50% (w/v) 
solution per kg body weight). The tibial nerve was dissected as previously described (Causey & 
Schoepfle, 1951). The position of the stimulating and recording electrodes is shown in Fig. 1. In 
all experiments the stimulating electrodes were placed below the level of the branches to the 
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muscles of the leg. The portion of the tibial nerve which runs between the heads of the gastro- 
cnemius muscle was not exposed so as to avoid the risk of damage to the blood supply of this 
region. 

The vascular system to the sciatio nerve of the rabbit has been described by Adams (1943). The 
main components are the group of vessels from the inferior gluteal artery at the hip and from the 
small saphenous artery at the knee. The branches from these vessels ascend and descend the nerve 
trunk. A third group of vessels enters the tibial nerve at the level of the ankle; small vessels also 
enter the nerve from the perforating arteries. The whole of this arterial system forms an anasto- 
mosing chain throughout the length of the sciatic nerve and its branches. 

To deplete the blood supply of the distal end of the nerve two techniques have been used: 
(a) crushing and ligating the tibial nerve at the ankle and ligating all vessels entering the nerve 
at this level; (b) carrying out procedure (a) with the addition of ligation of the descending group 
of branches at the level of the knee. 

To deplete the blood supply at the proximal end, the inferior gluteal artery and the ascending 
group of branches at the knee were ligated. The peroneal and sural nerves were dissected away 
from the nerve trunk; the only remaining circulation was then that provided by small vessels 
coming from above in the substance of the tibial nerve iteelf. 

In order to leave a good blood supply of the nerve trunk and yet to cut the connexion with the 
cell body, the tibial nerve was ligated and cut within its epineurium close to the sciatic notch, that 
is to say above the main branches from the inferior gluteal artery. The only blood supply damaged 
by this procedure was that within the perineurium at this level. 

In the experiments described here the blood supply has been interrupted in one half of the 
nerve under investigation (either the proximal or distal), the other half serving as control. 

Throughout the dissection and arrangement of the electrodes the nerve was moistened with 
Krebs-bicarbonate solution (Umbreit, Burris & Stauffer, 1949). The recording electrodes were 
placed in the positions shown in Fig. 1, care being taken to put them where no small vessels enter 
the nerve. When the electrodes were in place, the Krebs solution was removed and the trough 
formed by the skin was filled with liquid paraffin, preheated to 37° C. The entire length of the 
nerve and the electrodes were immersed in the paraffin. The stimulating and recording electrodes 
were constructed of chlorided silver wire (0-9 mm in diameter). 

As the proximal part of the tibial nerve could not be dissected free from the peroneal and sural 
nerves without interfering with the blood supply, difficulty was experienced in recording from this 
end unless the recording electrodes were separated by a distance of about 1 cm. 

Stimulation and recording. The action potentials were recorded with a direct-coupled amplifier 
connected to a cathode-ray oscilloscope, the input being push-pull. The animal was connected to 
earth but both electrodes were floating. , 

A square wave stimulator was used, giving rectangular pulses of 70 psec duration at rates of 
stimulation of from 1 to 600 per sec. When recording at slow rates of stimulation (1/sec), single 
stimuli were synchronized with the oscillograph time sweep. The nerves were fatigued by 
stimulating at a frequency of 600 stimuli/sec for a period of 2 hr. The stimulus strength was 
adjusted at the beginning of each experiment so as to be just supra-maximal for the A fibres. 
This was followed by periodi ination of the response to single stimuli. In some cases a further 
period of fatigue for 1 hr was applied, recovery being then followed as before. 

Continued repetitive stimulation rapidly blocks neuromuscular transmission so that after the 
first period of fast stimulation, muscle potentials did not appear on the records. Muscle potentials, 
however, do distort some of the preliminary records, for example Fig. 6A (proximal). 


In vitro experiments , 
The tibial nerve of anaesthetized rabbits was dissected from the ankle to the sciatic notch. 
The excised nerve was placed initially in a bath of Krebs-bicarbonate solution at 37° C, through 
which was bubbled a mixture of 95% O, +5% CO,. The nerve was placed over stimulating and 
recording electrodes of a similar kind to those used in the in vivo experiments. Recordings of the 
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action potentials were taken by raising these electrodes and the length of the nerve between them 
out of solution. In order to make the conditions similar to those obtaining in the in vivo experi- 
ments, the Krebs solution was removed, the gas supply shut off, and paraffin at 37° C added until 
the nerve and electrodes were completely submerged, when further recordings were made. 


Fig. 1. Dissection of the hind-limb of the rabbit showing the exposure of the tibial nerve. 
A and C are the positions of the proximal and distal recording electrodes respectively. 
B is the position of the stimulating electrodes. The method of making a trough from the 
skin is indicated. 
Measurement of records 
Conduction time was measured by projecting the photographic record of the action potential 
on to a screen and drawing a tangent to the steepest portion of the rising negative wave. The 
distance, expressed in msec, between the point where the tangent cuts the base-line and the end 
of the stimulus artifact was taken as the conduction time. This gives a measure of the velocity of 
the fastest fibres. The change of the conduction time of single sweep action potentials was found 
to be the most accurate and consistent index of fatigue and recovery and has been used here for 
all comparative measurements. By using conduction time rather than conduction velocity in 
these measurements, the error involved in the measurement of the inter-electrode distances is 
eliminated so long as the electrodes remain in fixed positions. The only error arises in the measure- 
ment of the conduction time from the photographic records. 
The changes in conduction time have been expressed as multiples of the initial conduction time 
of the single sweep records taken at the beginning of each experiment. 


~ 
q 
4 
A 
4 
“ 


376 G. CAUSEY AND C. J. STRATMANN 


RESULTS 
Fig. 2 shows single sweep records of action potentials obtained from the 
proximal and distal ends of the nerve during a typical experiment. The 
conduction times at the various stages of the experiment are given in 
Table 1 (a), the value at the beginning of the experiment being stated in 
msec while those after fatigue and recovery are given as multiples of this 
initial value. 

Fig. 2A shows action potentials at the beginning of the experiment. The 
conduction time at the proximal end was 0-35 msec while that at the distal 
was 0-20 msec. Fig, 2B shows the change in the action potentials after the 
nerve had been stimulated for 2 hr at a rate of 600 stimuli/sec. Both records 
were taken within 1 min of cessation of rapid stimulation. The conduction 
times were 0-45 msec at the proximal end and 0-35 msec at the distal end, 
corresponding to increases of 29 and 75% at the proximal and distal ends 
respectively. The conduction time in the nerve with intact blood supply 
returns, usually within 10 min of cessation of rapid stimulation, to its original 
value. Fig. 2C shows the recovery of both ends after half an hour without 
stimulation. 

After apparent complete recovery had taken place, the nerve was again 
subjected to a period of rapid stimulation at 600 stimuli per sec for 1 hr. 
Fig. 2D shows the action potentials obtained immediately after the cessation 
of stimulation. In this instance the conduction times have again been in- 
creased by 29%, at the proximal end (0-45 msec) and 75% at the distal end 
(0-35 msec). Fig. 2E shows the action potentials after half an hour had been 
allowed for recovery, the conduction times having returned to 0-35 and 0-20 
msec at the proximal and distal ends respectively. 

As mentioned previously, measurement of the conduction velocities is made 
difficult by uncertainty in exact measurement of the conduction distances. The 
distance between the proximal recording electrode and the stimulating elec- 
trode in the experiment illustrated in Fig. 2 was 52 mm, while that at the 
distal end was 28 mm. The mean conduction velocity at both ends was there- 


fore 144 m/sec for the fastest fibres at the beginning of the experiment, the 


velocity being approximately the same in both directions. The mean conduc- 
tion velocity at the proximal end calculated for six similar experiments was 
138 m/sec (8.z. 3-3 m/sec), and that at the distal 123 m/sec (s.z. 7 m/sec), 
again for the fastest fibres. 


The maximum spike height was 1-0 mV at the proximal end and 1-3 mV at 
the distal end. 
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Fig. 2. Intact blood supply. Fig.3. Intact blood supply. Cell Fig. 4. Blood supply to distal 
connexion severed. Recovery _ portion occluded at the level of 
complete at both ends. the ankle and knee. Cell con- 


Fig. 5. Blood supply to the distal Fig. 6. Blood supply of the Fig.7. Blood supply at proximal 
portionoceluded at thelevelof proximal portion occluded end occluded. Cell connexion 
the ankle, Cell connexion in- j§ with the exception of those severed. Proximal end fails to 
tact. Recovery of distal end vesselswithintheperineurium. _recover. 
almost complete. Cell connexion intact. Con- 

duction at the proximal end 

fails to recover. 


Figs. 2-7. Oscillographic records of action potentials obtained from the tibial nerve of a rabbit. 
Records are of a single sweep taken at a rate of 1 per sec. A, at the beginning of the ex- 
periment; B, immediately after the cessation of rapid stimulation at 600 stimuli/seo for 2 hr; 
C, after a period of recovery (30 min in Figs. 2, 3 and 5 and 1 hr in Figs. 4, 6 and 7); D, after 
the cessation of rapid stimulation at 600/sec for 1 hr; E, after recovery (30 min in Figs. 2 

_~«ad 3 and 1 hr in Figs. 4-7). Time record, 5000 o/s. 


Proximal Distal 
nexion intact. Relative failure | 
of distal end to recover. 

Proximal Distal 
Proximal Distal 
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The effect of severance of the connexion with the cell body 

It is not possible to cut off the axons of a peripheral nerve in the living 
animal without any interference at all with the blood supply. Even if ligature 
is passed round the nerve within the epineurial sheath the small longitudinal] 
vessels within the substance of the nerve must be occluded. But by cutting 
the sciatic nerve central to the entry of the branches of the inferior gluteal 
artery and recording some distance peripheral to the entry of these vessels it 
is possible to obtain a preparation in which both proximal and distal ends 
Tasiz 1, Effect of stimulation and recovery on conduction time in proximal and distal sections 
of the tibial nerve after various operative procedures. Data from the series of typical 
experiments illustrated in Figs. 2~7. Columns A-E are obtained from the correspondingly 


labelled records in these figures. Conduction times after stimulation and recovery are given 
as multiples of initial conduction times 


A B Cc D E 
Initial After Duration After Duration 
Segment conduction first of second of 
of time stimu- After recovery stimu- After recovery 
Treatment nerve (msec) ation recovery (min) lation recovery (min) 
(a) None Proximal 0-35 13 10 30 13 10 30 
Distal 0-20 1-75 10 30 1-75 10 30 
6) Connexion with cell Proximal 0-35 1-4 10 30 14 10 30 
° y severed Distal 0-25 18 10 30 18 10 30 
Distal Soe aenny Proximal 0-30 13 10 60 138 10 60 
Distal 0-35 31 17 60 3-7 60 
Distal Proximal 0-40 1-75 10 30 ll 10 60 
; Distal 0-40 13 10 30 13 10 60 
(e) Proximal blood Proximal 0-35 . 3-7 31 60 
supply depleted Distal 0-20 2-5 10 60 - ad 
(f) Proximal blood Proximal 0-40 19 19 60 2-1 2-1 60 
ply depleted Distal 0-25 1-2 10 60 1-4 10 60 
connexion severed 


have a good blood supply, but have no connexion with the cell bodies of the 
neurones. The tibial nerve was cut between ligatures and the ligatures tied 
together, 2 cm above the proximal recording electrodes. That there was a good 
_ blood supply to the proximal part of the nerve was shown, grossly, by cutting 
the nerve in the thigh region, at the conclusion of the experiment, and 
observing the bleeding from both sides of the cut. 

Fig. 3A—-E and Table 1 (5) show that the conduction times were increased 
after repetitive stimulation by about the same amount as when the connexion 
with the spinal cord was intact and that recovery was equally rapid. 


The effect of depletion of the distal blood supply 
The blood supply to the peripheral part of the nerve was interrupted in two 
ways, as described in the section on experimental methods. 
In the first series of experiments the blood supply to the distal portion of the 
nerve at both the level of the knee and the level of the ankle was interrupted. 
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An experiment on this type of preparation gave the results shown in Fig. 4 A-E 
and Table 1 (c). The fatigue and recovery of the proximal end were unaffected, 
but in the distal end the rise in conduction time was greatly increased and 
recovery was incomplete even after an hour. 

In the second series of experiments, the blood supply at the knee-joint level 
was left intact. Fig. 5 and Table 1 (d) show the results obtained on a prepara- 
tion of this type. The rise of conduction time in the distal segment was not 
increased, and recovery was obtained although rather more slowly than on 
a preparation with intact blood supply. It was noted that when the nerve 
was cut at the conclusion of the experiment a small blood flow from the cut 
ends occurred. 


The effect of depletion of the proximal blood supply 

At the proximal end, as at the distal end, ligation of the vessels to the 
sciatic trunk from the inferior gluteal artery was not sufficient to impair 
recovery seriously ; the vessels at both ends were therefore ligated. Two types 
of preparation again were employed. In the first series the proximal part of 
the tibial nerve was dissected free from the sural and peroneal nerves and, as 
far as was possible, all vessels entering the nerve both at the hip and knee 
were sectioned, while keeping the blood supply at the distal end intact. 
Fig. 6 shows action potentials from a preparation of this type, and the 
conduction times are given in Table 1 (e). The results on the distal segment 
were not affected by the operative procedure, but in the proximal segment 
the rise in conduction time was greatly increased and recovery had progressed 
only a little way in 1 hr. 

In the second type of preparation, in addition to cutting the vessels entering 
the length of the nerve, the nerve was also sectioned at the proximal end 2 cm 
central to the recording electrodes. Fig. 7 and Table 1(f) show that in 
a preparation of this type the effects of fatigue were no greater than in the 
previous case, where the connexion of the nerve with the spinal cord was 
intact. 

Tibial nerve in vitro 

In order to investigate fatigue and recovery of the tibial nerve with no 
blood supply under conditions as nearly as possible like those obtaining 
in vivo, the procedure for the in vitro experiment described under Methods was 
adopted. 

Fig. 8A shows the action potential obtained from such a preparation, in 
oxygenated Krebs-bicarbonate solution at 37° C when stimulated with single 
stimuli, The nerve was then stimulated for 10 min at 600 stimuli/sec. Fig. 8B 
shows the action potential obtained immediately after the cessation of rapid 
stimulation. It can be seen that the action potentials, both before and after 
such stimulation, are almost identical as regards both conduction time and 
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spike height. The Krebs solution was then removed, the gas supply shut off 
and the bath refilled with liquid paraffin at 37° C. 
Fig. 8C shows the action potential obtained with both 
nerve and electrodes submerged in paraffin. The nerve 
was again stimulated rapidly for 10 min, at the end 


of which time no action potential could be obtained, 7, \ 
even after allowing 1 hr for recovery as is shown in 

Fig. 8D. The paraffin was removed and replaced with B 

oxygenated Krebs-bicarbonate solution. The nerve was 


allowed to remain totally immersed in this solution ¢ 
_ for 10 min whereupon it was once again stimulated with 
single stimuli (Fig. 8E). It will be observed that this 
action potential is similar to those obtained before the ° 
10 min fast stimulation in paraffin. 


DISCUSSION 
The metabolic: requirements of nerve are extremely 
small, for the amount of oxygen required by the frog 
nerve trunk is estimated at only 34yl./g/hr when the , 
nerve is stimulated at a rate of 100 stimuli/sec (Gerard, cutie of uétlen potentials 
Hill & Zotterman, 1927). Also the heat produced per obtained from the tibial 
effective impulse transmitted varies between 0-5 and ¢*ve * vitro. A, single 
10 ergs/g of nerve (Hill, 1932). Inthe intact organism ... 
the possibility of fatigue in the nerve trunk itself is in oxygenated Krebs- 
thereforesmall. Thefatigueoccursintheintactorganism _ bicarbonate solution = 
at , sensory endings or motor end-plates before 37 ©; 3B» sfter rapi 

However, by stimulating a nerve electrically in the in Krebs-bicarbonate 
intact animal, with 3-4 x 10° stimuliina period ofafew lution; ©, after the 
hours some of the fastest fibres lose their ability to electrodes had 
conduct or conduct more slowly. This is evidenced by porns an a 
an increased conduction time for the fastest recorded 
fibres (see Fig. 2). The fibres rapidly recover and the ° single stimuli 1 br 
conduction time returns to its original value ifthe blood the cessation of fast 
supply and the connexion with the cell body are intact. 

If the axons are cut off from their cell bodies, then, 
in acute experiments lasting 6-8 hr, recovery is stil] bicarbonate solution for 
complete so long as the blood supply is left intact in '°™™ 
the part of the nerve trunk under examination. But if the blood supply is 
cut off, then fatigue is more rapid and recovery incomplete. 

The types of depletion of the blood supply to which the nerves have been 
subjected fall into three groups. In the first group, only the small vessels 
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within the perineurium of a short length of nerve were occluded and in these 
cases care was taken that an obvious anastomosing vessel was visible between 
the site of the ligation and the position of the recording electrodes. With this 
type of depletion no evidence of failure of recovery was found. Using the 
comparative method as described in this paper it is possible to detect differences 
of only a few per cent in the conduction times. The second group consists of 
those experiments where the blood supply at only one end of the proximal or 
distal part of the nerve was interrupted. Section of the nerve trunk at the 
end of the experimental period sometimes showed a fairly brisk circulation 
and, associated with this, the records taken previous to the sectioning of the 
nerve showed good recovery after fatigue. In other experiments the cut ends 
of the nerve showed only a slight oozing of blood, but even in these recovery 
was almost complete. In the third group the blood supply at both ends of 
a proximal or distal length of nerve was carefully removed so that only 
vessels within the perineurium at one end remained intact. It was only in 
experiments such as these that marked failure to recover was manifest. These 
experiments further emphasize the small exchanges, be it of oxygen or re- 
moval of metabolic products, which are sufficient to maintain the activity of 
the nerve trunk. 

Cooper (1923) suggested that accumulation of waste products may cause 
failure of conduction in in vitro experiments, but Gerard (1930) refutes this 
view and holds that anoxia is the direct cause of failure of conduction. 

The investigation here described on in vivo preparations, taken in conjunc- 
tion with previous work on the block of conduction by pressure (Causey & 
Palmer, 1949), points to the importance of the blood supply rather than any 
connexion with the cell body in the maintenance of the ability of the nerve 
fibre to conduct an impulse 6-8 hr after section of the nerve. In vitro pre- 
parations of rabbit tibial nerve do not appear to fatigue as long as the oxygen 
supply is adequate and only show failure to conduct at 48-72 hr after removal 
from the animal (Gutmann & Holubaf, 1950). 

This work is now being extended, using the method of recording described, 
to an investigation of the fatigability of the tibial nerve with intact blood | 


supply, during the first 3 days after section of the nerve trunk. 


SUMMARY 


1. Using a method of stimulating the tibial nerve of the rabbit below the 
knee, and recording action potentials towards the ankle and towards the hip, 
it has been possible to examine separately the effects of the depletion of the 
blood supply and severance of the cell connexion on fatigue and recovery 
produced by prolonged fast stimulation. 

2. Severance of the axon from its cell body, with minimal interference with 
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the blood supply, produced no difference in the course of fatigue and recovery 
from that found in the intact nerve over periods of 6-8 hr. 

3. Deliberate removal of as much as possible of the blood supply to one end 
of the nerve trunk, however, produced marked alteration in the course of 
fatigue and recovery as compared with the end that has normal blood 


supply. 

4. It is concluded that for the metabolic activities associated with the 
recovery of a nerve after stimulation, the blood supply has more significance 
than the connexion with the cell body during the first 6-8 hr after section of 
the nerve. 


We are indebted to Prof. J. Z. Young, F.R.S., for his interest and advice throughout the — 
course of this work. The work was carried out with the assistance of a grant provided by the 
Nuffield Foundation. We also wish to thank Mr J. Armstrong and Mr B. J. Whitton for their 
assistance. 
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The Heidenhain type of gastric pouch is generally regarded as vagally dener- 
vated, since, in its preparation, all layers of the gastric wall are divided. The 
sympathetic innervation, travelling along the blood vessels of the greater 
curvature, is believed to be intact. Several anatomists have shown, however, 
that the vagus trunks in the abdomen give off branches to the coeliac plexus 
(Brandt, 1920; McCrea, 1924; Mitchell, 1940), and from this point vagal fibres 
could enter the sympathetic distribution. It seems possible that, as suggested 
by Babkin (1950, p. 166), a few parasympathetic fibres may reach the Heiden- 
hain pouch along the blood vessels. 

Jemerin, Hollander & Weinstein (1943) investigated a number of procedures 
designed to test gastric pouches in dogs for the presence of vagal innervation. 
They found that insulin hypoglycaemia, provided that the blood sugar fell 
below 50 mg %, would reliably produce acid secretion in vagally innervated 
gastric pouches, but not in those of the Heidenhain type. They concluded that 
this was the most satisfactory method for the detection of vagal innervation, 
and out of this work developed the insulin test for completeness of vagotomy 
in man. 

In 1949 one of us was investigating the pepsin secretion of Heidenhain 
pouches and was surprised at the variations in pepsin output in different 
animals. It seemed possible that one factor concerned might be the presence 
of small degrees of vagal innervation reaching some of the pouches, and it was 
decided to re-investigate this problem by a more sensitive technique for the 
detection of acid secretion than that employed by Jemerin e¢ al. (1943). 


* ‘This work was begun by B.S. at the Buckston Browne Research Farm, Downe, Farnborough, 
Kent, but was transferred after a few months to the above address. 
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METHODS 


The essential feature of the method is that the pouch is washed out every 15 min with a compara- 
tively large volume of 0-005 x-HCl, and the washings titrated. This ensures complete recovery of 
even extremely small amounts of secretion and the weak acid prevents the inactivation of any 
pepsin in the secretion. So that the secreted juice should pass directly into the dilute acid as it 
was formed the following technique was adopted and used for almost all the experiments here 
reported. 
Preparation and maintenance of animals 
The animals used in this work were mongrel bitches of 9-14 kg. They were fed once daily on 
a standard diet of 3 parte minced boiled meat to 1 part bread, supplemented with cod-liver oil, 
dried milk and a salt mixture (3 parts NaCl to 1 part KCl). Between 300 and 400 g were given, 
the quantity being adjusted to the weight of the animal. Heidenhain pouches were prepared 
under thiopentone-ether anaesthesia from the usual region of the corpus. Measurements of the 
mucosal area of pouch and stomach remnant post-mortem suggest that about one-fifth of the 
total mucosa was included in the pouch. The right gastro-epiploic vessel was divided in the 
and a narrow bore silver cannula of the type described by Gregory (1950) inserted 
in the caudal end of the pouch closure. Drainage of the pouch has been found to be most efficient 
with the cannula in this position. The pouches secreted in most cases 100-200 ml. of juice daily 
on the above diet, and the animals remained in excellent health. The period of the present study 
has extended over 3} yr; the longest period an animal has been under’ observation is 1} yr. 


Apparatus 

Before an experiment the animals were fasted for 18 hr, access to water being allowed. During 
the experiment the dog stood in slings on a dog-stand of the usual type. A plastic tube of 4 mm 
bore connected the pouch cannula with the lower end of a 10 ml. graduated pipette mounted 
vertically. The pipette was enclosed in a condenser jacket through which water was circulated at 
38° C. The upper end of the pipette could be connected through a 2-way tap with either a 20 ml. 
syringe or a float-type volume recorder, and its lower opening was approximately on a level with 
the neck of the pouch, The bore of the lower opening of the pipette was commensurate with that 
of the plastic tube so as to impose no restriction on the flow of fluid (Fig. 1). 

At the start of an experiment, the plastic tube was disconnected from the vertical pipette and 
the pouch washed out first with water and then with 0-005 x- HCl, both at 38° C. Ten ml. of the 
0-005 »-HCi were now run into the pouch from a bulb pipette and the plastic tube clipped. The 
tube was re-attached to the graduated pipette and the clip released. The fluid now flowed from 
the pouch into the pipette, and its level therein was set to the 5 ml. mark by means of the syringe 
which was at this stage connected with the upper end. The plastic tube was again clipped to retain 
the fluid at this level and the 2-way tap used to connect the volume recorder also with the pipette. 
By a further adjustment of the syringe the pointer of the recorder was brought to a reference line 
traced on the kymograph by a fixed marker. The tap was now turned so as to cut out the syringe 
but leave the volume recorder connected with the pipette, and the clip on the plastic tube again 
released. The contractions of the pouch now moved the fluid to and fro in the pipetté, and ensured 

Towards the end of a 15 min period, the tap was turned to cut off the volume recorder and 
reconnect the syringe, which was used to drive all the fluid into the pouch. The clip was again 
applied to retain it there while the tube was disconnected from the pipette, after which the 
contents of the pouch were drained into a measuring cylinder. At 15 min a fresh supply of 
0-005 x-HCl was run into the pouch and the whole procedure repeated. Thus each collection 
contained the secretion of the pouch during a period of 15 min. The manipulations described 
occupied less than 2 min so that an almost continuous record of motility was also obtained. The 
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setting of the volume recorder at each change, so that the reference line on the kymograph 
corresponded to a fixed level in the pipette, ensured a constant relationship between the tracing 
and the actual pouch volume throughout the experiment. 


Estimation techniques 

The volume of the washings was read and the fluid then filtered through washed glass wool to 
remove the visible mucus which was occasionally present. A 5 ml. portion was then titrated with 
0-02 n-NaOH for free and total acid (either with p-dimethylami b and phenolphthalein 
as indicators or, in later experiments, by electrometric titration to pH 3-5 and 8). Results were 
expressed in ml. 0-1 n-HCl per 15 min period. The end-points of the titrations can be attained with 
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x Fig. 1. Diagram of apparatus. 


an accuracy of +0-05 ml. 0-02 n-NaOH, which is equivalent in the final result to +0-02 ml. 
0-1 w-HCl. This does not take into account errors introduced in the measurement and recovery 
of the wash fluid, and this point will be considered later. Recovery of the wash fluid was normally 
good, the volume being 9-5-10-0 ml. and this was treated as 10-0 ml. in the calculation of the out- 
put. Increases in volume occurred only after the stronger forms of stimulation and were allowed 
for if above 1-0 ml. 

Pepsin estimations were carried out on the remainder of the sample by the method of Hunt 
(1948). In view of the large number of samples from any one experiment only single estimations 
were made, An independent series of twenty-five duplicate estimations between pepsin values of 
20 and 80 units/ml. showed a standard deviation of + 1-1 units/ml. This s.p. showed no association 
with the pepsin concentration over this range. The washout sample was frequently more dilute 
than this, and in such cases digestion times were increased up to a maximum of 4 times in order 
to bring the final result within this range. No evidence was obtained of the presence of the pepsin 
inhibitor-pepsin complex described by Bucher & Beazell (1941) as dissociating on dilution. Hunt 
found the same degree of digestion when the substrate was digested by undiluted gastric juice 
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for 10 min or by the same juice diluted 1 in 10 for 100 min. These results have been confirmed by 
Linde (1950) and our findings support them also. 

Blood-sugar estimations were performed, mostly in triplicate, by the Hagedorn-Jensen method 
as described by Harrison (1944), the deduction of 4 mg % from the ‘enhanced glucose’ value 
being applied. Venous blood was obtained usually from the cephalic vein and occasionally from 
the external jugular. From a series of 100 triplicate estimations the standard error of the mean 
of a batch of three replicates was +1-9 mg % and that of a batch of duplicates + 2-4 mg %. 


Methods of stimulation 

Insulin. Boote’s standard insulin in strength 20 units/ml. was administered intravenously in 
doses adequate to produce a reduction of blood-sugar level to at least 50 mg %. Like Jemerin 
et al. (1943) we did not regard a test as negative unless the blood sugar fell to this level or lower. 
For most experiments this required a dose of 1-5 unite/kg. 

Psychic stimulation. The form of psychic stimulation normally employed in these experiments 
was similar to the teasing procedure employed by Jemerin et al. (1943). The animals were shown 
a bowl of warm meat stew and allowed to smell but not taste it for a period of 30 min. Great care 
was taken to see that they did not lick up even the slightest trace of gravy and every effort was 
made to sustain the animals’ interest in the procedure. The interest of some dogs was enhanced if 
the experimenter ate food during the stimulation period. After every few experiments one was 
interposed in which the animal was allowed to eat the food immediately after a period of teasing 
as above. 

Sham feeding. To provide a more intense form of psychic stimulation and to exclude possible 
effects of swallowed saliva, two animals were prepared with oesophagostomies. The first was of 
the classic type in which the oesophagus was divided in the neck and the two ends were brought 
to the surface separately on the left side. The second was of the longitudinal slit type described 
by Gregory (1950). The slit was made 3-4 in. long. Both animals made a rapid recovery from the 
operation and remained in good health. The first was fed entirely on a liquid diet of homogenized 
meat, dried breadcrumbs, arachis oil and dried milk with vitamin and salt supplements. This was 
forced by air pressure through a plastic tube into the lower oesophageal opening. The second 
could eat solid food after a tight bandage had been applied to its neck in such a way as to keep 
the two sides of the opening in apposition. It was given a daily ration of meat in this way in 
addition to a supply of the liquid diet. Both animals were given a liberal water intake twice daily 
by stomach tube. 

Sham feeding was continued for 30 min at a time. In the animal with the slit type of oesopha- 
gostomy the food bolus showed no tendency to go down the oesophagus when the neck was 
unbandaged. As a further precaution in this animal, to prevent the possible passage of small 
amounts of saliva containing shreds of food down the posterior wall of the oesophagus, this was 
swabbed repeatedly during the sham feeding. The stomach was washed out after several sham 
meals and no trace of meat was found in it. 

Urethane of f-methylcholine hydrochloride. ‘Mechothane’ (Savory and Moore) (urethane of 
£-methylcholine hydrochloride) in sterile ampoules containing 5 mg/ml., was diluted immediately 
before use with sterile saline to a strength of 0-25 mg/ml. One ml. of this solution was injected 
intravenously. 

Ethyl-3:3-dimethylallyl barbituric acid (compound 16A). A sample of the sodium salt was 
obtained from the Ely Lilly Co. The quantity required for a single dose was dissolved in sterile 
saline immediately before use and injected subcutaneously. 


Experimental procedure 
At the start of the experiments, following 18 hr fasting, the pouches were normally secreting 
no acid. No stimulus was applied unless during two or more 15 min periods the acid output 
remained at or very close to the control level, represented by the titration value of the 10 ml. 
0-005 x-HCi placed into the pouch. The crucial feature of this method of following the pouch 


‘ 
d 
\ 
4 
1 
q 


SECRETORY EFFECTS ON HEIDENHAIN POUCHES 387 


secretion is that very steady base-lines can be obtained over long periods, against which even 
very small increases in acid output can be reliably detected (Fig. 6b). A resting blood-sugar 
sample was taken in the 15 min period before the insulin was given. After insulin, blood samples 
were taken at 15 min, 23 min, 30 min, 1 hr and thereafter at hourly intervals for the further 


duration of the experiment. In individual experiments there were variations from this scheme, 
the usual one being omission of the 23 min sample. 


TREATMENT OF RESULTS 
Acid secretion 
This work is concerned with secretory responses which are close to the 
minimum detectable level, and the method of analysis must allow not only for 
the error of the titration, which has been mentioned and is comparatively 
small, but also for errors in measurement and recovery of the wash fluid and 
for spontaneous variations in basal acid secretion. 

In each experiment, the basal level expressed in ml. 0-1N-HCl/15 min was 
calculated as the mean of the total acid figures for the three 15 min periods 
immediately preceding the application of the stimulus. Normally its value 
was very close to the titration value of the 10 ml. of 0-005 n-HCl which con- 
stituted the wash-out fluid. In some cases where ‘Mechothane’ had been given 
beforehand, only two periods intervened between the end of the secretory 
response to this drug and the application of the new stimulus. In such cases 
the mean of these two periods and the one immediately preceding the ‘ Mecho- 
thane’ was taken. The output of total acid above this basal level was deter- 
mined for each successive 15 min period following the stimulus. 

With a few exceptions at the beginning of the work, the results on each dog 
with each form of stimulus were analysed as follows. For each experiment the 
difference was determined between the basal level defined as above and the 
mean total acid level over the three successive 15 min periods which normally 
included the maximum acid response to the appropriate stimulus. In the 
insulin response these were the second, third and fourth 15 min periods 
following the injection. During the first period the acid secretion was usually 
depressed. With the psychic stimulus the first, second and third periods after 
the start of the stimulus were used. This figure is the mean output above basal 
level for the appropriate three periods. For each series of results an overall 
mean output based on at least three experiments was calculated and its 
significance determined by Student’s ¢ test (Fisher, 1946). 

In addition, the minimum output acceptable as a positive response to 
a stimulus in a single experiment has been defined. The aim was to select 
a level higher than the maximum likely to be produced by random variations 
in the base-line. For this purpose the basal level was determined as above 
from three 15 min periods in 100 consecutive experiments on six dogs (sixteen 
or seventeen on each animal). The mean of the standard deviations within the 


groups of three for the whole series of 100 sets was + 0-05 ml. 0-1 n-HCl. The 
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minimum positive response was defined from this figure as follows: During the 
first hour following the insulin injection or the start of the psychic stimulus the 
response must attain a total acid output of at least three mean 8.D. (0-15 ml. 
0-1 n-HCl) above the basal level in each of three successive 15 min periods, or in 
each of two successive 15 min periods it must attain an output of at least four 
mean 8.D. (0-20 ml. 0-1 n-HCl) above the basal level. 

Mean response curves were prepared for total acid secretion with both 
insulin and psychic stimulation. These included only the animals finally classed 
as positive to the appropriate stimulus, but they included all the results on 
these animals irrespective of the individual assessment of each result. Acid 
outputs were determined as above and a mean value determined for each 
15 min period after the stimulus. In the calculation of these means, negative 
differences between the acid level and the basal level were included. This is 
important, since in the majority of insulin responses the total acid during the 
first 15 min period following the injection was depressed below the basal level. 

Pepsin secretion 
_ The problems connected with the analysis of the pepsin results were similar 
in kind to those concerned with the acid, but greater in degree, since the 
method of estimation is less accurate and the spontaneous variation in output 
much greater. The pepsin output of the Heidenhain pouch at 18 hr after 
feeding was usually high and showed a wide variation in level between different 
animals and a distinctly smaller variation between experiments on the same 
animal, Even in the same experiment spontaneous variations often occurred, 
and in some animals these tended to follow a regular cyclic pattern. Basal 
outputs were calculated as the mean of three or, where possible, four resting 
periods, and mean response curves prepared as for acid. Owing to the variation 
in the basal output which occurred between one animal and another the results 


are presented in these curves as + or — a percentage of this output rather 
than in absolute pepsin units. 


‘ Some of the mean response curves for both acid and pepsin incorporate what may be called 
‘minimum significance levels’. These have been calculated from the s.z. of the mean output over 
the appropriate period and the value of ¢ corresponding to the number of results used in calculating 
the mean. They indicate the minimum change above or below the basal level which would be 
significant at a P value of 0-05 with the appropriate s.z. and the number of results. 


RESULTS 
I. Acid secretion 
Responses to insulin hypoglycaemia 
In Table 1 are shown all the experiments in the present series, together with 


the proportion which attained the positive level defined above. In Table 2 are 
shown the individual mean results on each animal together with the statistical 


be. 
‘ 
a 
4 
d 


SECRETORY EFFECTS ON HEIDENHAIN POUCHES 389 


Psychic stimulation 
Without ‘Mechothane’ With ‘Mechothane’ Insulin 
potenti potentiation stimulation 

Dog ‘Total Positive ‘Total Positive Total Positive 

A2 1 1 1 

81 Tested only after insulin 2 2 

T2 6 4 2 9 9 

B4 8 6 5 4 3 3 

M3 6 1 : 7 3 

82 4 1 6 5 8 0 

J3 3 2 7 7 3 0 

Cl Tested only after insulin 4 0 

B2 Tested only after insulin «2 0 

G3 2 1 6 6 3 0 

TaBxe 2. Acid response to insulin stimulation 
Mean acid output above 
0. i A— 

Dog expts. (ml. 0-1N-HCl/15 min). ¢ P Conclusion 
T2 9 0-33 + 0-08 418 001>P Highly significant response 
B4 3 0-27 +0-02 123 001>P Highly significant response 
M3 7 0-26+0-14 185 02 >P>0-1 Response not significant 
82 8 0-04 + 0-05 0-82 05 >P>04 No response 
J3 3 —-0-0140-04 0-25 09 >P>08 No response 
Cl 4 0-03 + 0-04 0-76 0-6 >P>0-5 No response 
G3 3 0-07 + 0-05 1:27 04 >P>03 No response 


analysis. Although there is a day-to-day variation in the response of individual 
animals, the positive level selected does in most cases differentiate them into 
those which attain it on the majority of occasions and those which do not. It 
was considered that an animal must attain the positive level on more than 
half the occasions tested to be classed finally as insulin positive. Dogs T2 and 
B4 were clearly insulin positive, both on the proportion of positive experiments 
and on the individual analysis of their results. Dogs A2 and $1 were the first 
animals tested. The responses they gave were very clearly defined and it was 
felt at the time that the response to psychic stimulation in dog A2 was 
adequate confirmation of the single result with insulin hypoglycaemia. It was 
not possible to carry out further experiments as the animals were being used 
in another investigation, and no individual analysis is possible on the number 
of results available. These animals were regarded as probably insulin positive 
and their experiments were included in the mean response curve. 

The behaviour of dog M3 was abnormal. When first tested about 1 month 
after its pouch was prepared it gave a large positive response. It was not 
tested again for some weeks and subsequent testing with insulin showed 
a much reduced response which only just reached the positive level on two 
occasions out of six. The animal was therefore classed as ‘insulin negative’, 
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and the individual analysis also shows that the overall mean result on this 
animal is not significant. The remaining animals were clearly insulin negative. 

Form’of insulin response. A large and a small positive response to insulin 
hypoglycaemia are shown in Figs. 2 and 3. A negative response to this stimulus 
is shown in Fig. 4. The general form of the positive response is shown by the 
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Fig. 2. Acid and pepsin responses to insulin hypoglycaemia in insulin-positive dog. Depression 
of ‘Mechothane’ response by hypoglycaemia. ——, total acid; -~--, free acid; ....... ‘ 
pepsin; @, blood-sugar values. The horizontal heavy interrupted line indicates the critical 
blood-sugar level of 50 mg %, and the corresponding fine interrupted line the base-line of the 
pepsin scale. The figures on the second ‘Mechothane’ response indicate the changes in total 

_ output of acid and pepsin respectively expressed as percentages of the values of the first 
response. The same conventions and symbols are used in all the other diagrams illustrating 
results of single experiments. 


mean curve based on the fifteen experiments on the four positive dogs (Fig. 50). 
The mean total output is 1-34 +0-24 ml. 0-1 n-HCl. The acid response to the 
hypoglycaemia did not usually begin until the second 15 min period after the 
insulin. Usually in the first period there was a fall from the previous resting 
level and this can be seen in the mean response curve. The response normally 
reached its peak within 1 hr of the insulin being given, in the majority of cases 
in the third 15 min period after the injection. Thereafter it declined slowly. 
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mi. 01 n-HCI/15 min 


Insulin, 
1°5 U/kg iv. 


Fig. 3. Acid and pepsin responses to insulin hypoglycaemia in insulin-positive dog. Small acid 
response. Pepsin response shows only inhibitory effect with tendency for the level to rise 
again towards end of experiment. 
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Fig. 4. Potehsletiell ‘seipense to food showing. The acid secretion is well marked but the pepsin 
response is exceptionally emall. The enimal is insulin negative and shows no response 
adequate hypoglycaemia applied immediately afterwards. 
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Correlation of secretory response with blood-sugar curve. Fig. ba shows 
a composite blood-sugar curve derived from thirty-seven experiments on 
eight dogs in which a dose of 1-5 units of insulin/kg was given intravenously. 
Each point has been expressed as a percentage decrease from the resting level 
in order to eliminate the effects of wide variation in the absolute values. The 
response is of distinctive form. There is an initial rapid depression, followed in 


~20% 


Insulin 
Fig. 5. Composite diagram to show the relationship between the mean blood-sugar curve (a), the 
mean acid-response curve (b), and the mean pepsin-response curve (d). (c) isa mean pepsin-control 
curve. In (a) each heavy horizontal line represents the mean of all blood-sugar values falling 
in the period which it covers. The number of such points in each case is indicated by the 
adjacent numeral. All values are expressed as % decrease from the resting level. In (5), (c) 
and (d) each heavy horizontal line represents the mean output over the period covered. Acid 
is expressed in absolute units, pepsin as percentage change from the resting level. The total 
number of experiments on which each curve is based is given at its end. Not all experiments 
continued for the same time and where the number of experiments in a given period is less 
than the total the actual number is indicated by an adjacent numeral. One s.z. on either side 
of every mean is indicated by cross hatching. The fine dotted lines on the second, third and 
fourth periods of the mean acid-response curve (b) are ‘Minimum significance levels’ (see text). 


many experiments by a distinct rise. This feature was shown regularly by some 
of the dogs, but others showed it infrequently. To display it best it was neces- 
sary to take a blood sample half-way through the second 15 min period after 
the insulin injection and this was not done in all experiments. For these 
reasons the rise is not such a conspicuous feature of the composite graph as it 
is in many of the experiments on individual dogs. A well-marked example is 


4 

0%, 20 19 37 expts., 

~50% 

—60% 
sm +08 (0) 4120755 15 expts., 
é ait Resting ~~ 4 dogs 

7 7 expts., 
: +40% 3 5 dogs 

19 21 expts., 

| Hr 


SECRETORY EFFECTS ON HEIDENHAIN POUCHES 393 


shown in Fig. 3. The most likely explanation of this rise seems to be that it is 
due to adrenaline release following the rapid fall in blood sugar in the first 
15 min. A similar feature is seen in the blood-sugar figures of experiments in 
man published by Roholm (1930). 

There was no correlation between the minimum blood-sugar level and the 
maximum acid secretion. The lowest blood-sugar levels were not attained until 
between 1 and 2 hr after the insulin, in most cases in the seventh and eighth 
15-min period, while the peak of the acid response was normally passed in the 
first hour. The hypoglycaemia continued after the acid response was over, 
particularly with large doses of insulin. It seemed possible that this lack of 
correlation might be due to an inhibitory influence operating during the period 
of hypoglycaemia, and this possibility will be considered later. 


Responses to psychic stimulation 

All the experiments with psychic stimulation are recorded in Table 1, where 
they are divided into two groups, those with and those without ‘Mechothane’ 
potentiation. The individual mean results are given in Table 3. Unfortunately 
not all the animals were given a satisfactory psychic test. In the early stages 
of the work the opinion of Jemerin et al. (1943) that insulin stimulation is more 
reliable than psychic testing was accepted as correct. The psychic stimulus was 
only used occasionally, at the end of insulin experiments. It proved ineffective, 
although it was not applied until the animal had recovered from the central 
nervous depressant effects of the hypoglycaemia and was interested in the 
food. Later it was realized that these experiments were valueless since an 
inhibitory influence was operating at this stage after insulin (see Fig. 6 and 
section 111 which deals with inhibitory effects of insulin hypoglycaemia): by 
this time the earlier animals had been destroyed. 

When applied without previous insulin hypoglycaemia, food showing proved 
more dependable than the latter stimulus. All the animals classed as insulin 
positive were positive to psychic stimulation when adequately tested, but not 
vice versa. Three dogs, $2, J3 and G3, responded to psychic stimulation but 
were insulin negative. The principal difficulty with the food-showing test is 
that if it is applied too often without reinforcement the conditioned response 
declines. Most of the recorded failures with this test are thought to be due to 
this effect, since the appearance of a negative response was the most reliable 
index of the need for reinforcement. So far no animal which has been ade- 
quately tested has been negative to psychic stimulation in the final assessment. 

Potentiation by ‘ Mechothane’. It was found that in most dogs the psychic 
response could be potentiated by giving a previous dose of 0-25 mg ‘Mecho- 
thane’ intravenously, and applying the psychic stimulus as soon as the acid 
Tesponse to this drug had passed off, which was usually in 1}-2 hr. The 
potentiating influence of parasympathetomimetic drugs and particularly of 
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the urethane of 6-methyl choline hydrochloride on the secretion of the parietal 
cell has been previously described (Robertson & Grossman, 1948; Grossman, 
1950; Langlois & Grossman, 1950), and the control experiments described later 
in section 111 suggest that some effect persists for over 3 hr following a single 
intravenous dose. 


(a) Dog T2 
c iF 
= i 
1 2 3 Hr 
2 Insulin, 
(b) 1-25 iv. 
E 


0 1 2 3 4 em 5 Hr 


Fig. 6. Two experiments on the same dog to illustrate the failure of the psychic stimulus when 
applied after insulin. In (b) the animal has been kept on the stand for a corresponding period 
to that in the insulin experiment before the food was shown. This long period without stimula- 
tion shows the steady base-line which can be obtained by this method. 


The extent of this potentiation was very variable in different animals. In 
one dog (S2) it consistently had a large effect and made all the difference 
between a negative and a strong positive response (see Tables 1 and 3), and in 
another (J 3) the mean output over the first, second and third periods after the 
start of the psychic stimulus was 0-26 + 0-05 ml. 0-1 n-HCl in three experiments 
without ‘Mechothane’ potentiation, and 0-46 + 0-04 ml. in seven experiments 
with it. The difference is significant, t= 2-84; 0-05 > P> 0-02. The potentiating 
effect is illustrated in Figs. 7a and b, experiments on dog G3. 

Table 1, in which the psychic stimulation experiments have been divided 
into those with and without potentiation, shows that in many cases the latter 
group gave a more reliable index of the response to this stimulus. It is not 
claimed that this has been demonstrated in all dogs, but the evidence for the 
potentiating effect is sufficiently strong for no animal to be classed as negative 
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to psychic stimulation unless it has failed to respond when tested in this way. 


*Mechothane’ potentiation was therefore incorporated in the routine procedure 
for an adequate psychic test. The observations on dog M3 were completed 
before this effect was established, and on the group of unpotentiated experi- 
ments performed on this animal it would seem to be negative to psychic 
stimulation. 


Dog G 3 2 
(a) 


mi. 01 N-HCI/15 min 


0-25 mg iv. 


| Fig. 7. These experiments on the same dog are intended to illustrate the potentiating effect of 


*Mechothane’ on the psychic response. It is shown best in (b) where the same stimulus has 
been applied before and after ‘Mechothane’. (a) is designed to meet the objection which 
might be raised that the animal would be more hungry at the time of the second stimulation. 
The numerals adjacent to the responses indicate the total amounts of acid secreted above 
the basal level in ml. 0-1 n-HCl. The pepsin responses of these experiments are typical 
examples. 


That the unpotentiated experiments were not an adequate test is suggested 
by the fact that several of the experiments just failed to reach the positive 
level, and the individual analysis of them in Table 3 shows that a statistically 
significant stimulation did occur. 

The ‘Mechothane’ procedure did not reliably potentiate the insulin response. 
Occasionally there was a particularly large response after it (Fig. 2), but the 
effect was not at all consistent. 

Experiments on oesophagostomized animals. The sham-meal procedure does 
not require periodic reinforcement and thus is undoubtedly the psychic 


_ stimulus of choice. By its aid it was possible to obtain larger and consistent 
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Tasiz 3. Acid response to psychic stimulation 


Mean acid output above 
No, of — 
Dog expts. min) ¢ P Conclusion 
T2 8 0-26 +0-07 3-69 001>P Response highly significant 
B4 13 0-32 0-06 571 001>P Response highly significant 
J3 0-40+0-04 949 OO1>P Response highly significant 
G3 8 0-32 +0-05 660 001>P Response highly significant 
S2M) 6 0-33 +. 0-06 5-55 001>P Response highly significant 
82 4 0-03 + 0-05 0-61 06 >P>05 No response 
M3 6 0-12+0-04 3:14 0-05>P>0-02 Response just significant 


In the case of dog 82, experiments with ‘Mechothane’ potentiation have been treated separately 
(under §2(M)) since this animal gave a significant response only when this technique was used. 
In other cases all experiments have been taken together. The experiments on dog M3 are all 
without ‘Mechothane’ potentiation. 


TaBie 4. Comparison of acid responses with food-showing and sham-meal procedures 


Food-showing Sham-meal 
Dog Total Positive Total Positive | 
B4 - 5 5 5 
82 4 3 3 3 


psychic responses in the two dogs, B4 and 82, which were equipped with 
oesophagostomies. Table 4 shows the psychic stimulus experiments on these 
two dogs divided into food-showing and sham-meal experiments. For dog 82 
only ‘Mechothane’-potentiated experiments are included. The very small 
response of the pouch made it essential to show that it could not be merely 
secondary to stimulation of the main stomach either by swallowed saliva or 
by the accumulation of its own secretion within it. The rapid onset and decline 
of the psychic response are strongly: against this interpretation. The positive 
response of the oesophagostomized animals to sham meals completely excludes 
an effect of swallowed saliva. The influence of acid in the main stomach is 
generally regarded as inhibitory to further secretion, and the infusion of a large 
volume of its own gastric juice into the stomach of an oesophagostomized dog 
po a tube passed through the fistula produced no stimulation of the pouch 

ig. 8). 

Form of psychic response. Individual responses to psychic stimulation are 
shown in Figs. 4, 6b, 7a, b, 8 and 11. Fig. 9a shows a mean response curve 
prepared as for insulin stimulation. It is based on forty-five experiments on 
six dogs which have been adequately tested, and includes all the experiments 
performed on them. The psychic response rises rapidly during the first 15 min 
of application of the stimulus and reaches its peak in either the first or second 
15 min period, usually in the latter. After the stimulus is withdrawn it 
normally falls off rapidly and is substantially complete within 1 hr. The mean 
total acid response is 1-11 +0-08 ml. 0-1 n-HCl. It will be noted that this is 
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_ smaller than the mean total acid response to insulin of 1-34 + 0-24 ml., in spite 

of the fact that the psychic stimulus is regarded as more dependable. The extra 
S size of the total insulin response is attained owing to its longer duration, and 
to the presence in the insulin series of occasional very large responses which 
elevate the mean result. The mean peak secretion rate in the psychic series is 


higher. 
| Dog $2 3 


(% change) 


Pepsin output/15 min 


Psychic 
stimulation 
Fig. 8. Experiment in an oesophagostomized animal to show that neither swallowed saliva nor | 

acid secreted into the main stomach is concerned in the response of the pouch to psychic 
stimulation. After the sham-meal response 75 ml. of the animal’s own gastric juice were 
infused into the stomach through an oesophageal tube and no secretion occurred. 

Fig. 9. Composite diagram showing the mean acid (a) and pepsin-response curves (b) to psychic 
stimulation. The mode of expression is the same as in Figs. 5 (a) and (d), save that the pepsin 

[ is here calculated as a 15 min output rather than as an hourly output as in the previous 


diagram. As before, the acid is expressed in absolute units, the pepsin as a % change from 
" ; the resting level. ‘Minimum significance levels’ (see text) are shown by a fine dotted line for 
periods 1-3 of the acid response and period 1 of the pepsin response. 


II. Pepsin secretion 
Effect of insulin hypoglycaemia | 
, The initial stages of the pepsin response to insulin hypoglycaemia were very 
| variable, and complicated by the fact that not all the animals responded by 
acid secretion. Only one series of seven pepsin estimations on the insulin 
responses of a proved insulin-positive dog (T2) was obtained. Transient 
increases in pepsin output occurred at the beginning of many but not all of 
these (cf. Figs. 2 and 3). Owing to this variability mean 15 min outputs were 
t not calculated. A comparison was made of the mean output of pepsin over 
_ the first hour following the insulin injection in this group of seven experiments 
and another of fourteen in five insulin-negative dogs. The results are expressed 
| as +a percentage of the mean resting level. For the insulin-positive dog the 
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mean is —2+13% and for the insulin-negative group the mean is —18+8%. 
The difference is not significant, t=1-15; 0-3>P>0-2. Since the first hour 
covers the period of maximum acid secretion these figures show that any 
stimulant effect on pepsin output, even in the animal which gave the best acid 
response to insulin in the present series, is small and transient. 

The most marked and striking effect on pepsin output was seen in the second 
and third hours following the insulin, and is common to both groups of animals. 
In the mean response diagram shown in Fig. 5d they have been combined. 
The mean output over each hour following the insulin is expressed as a per- 
centage change from the basal level. During the second and third hours there 
was a marked depression of the resting pepsin output in all cases. Minimum 
levels were attained between 2 and 3 hr after the insulin, and for the whole 
group of twenty-two experiments the mean output over this period was 
reduced to } (—81+43%) of the basal level. The minimum blood-sugar level 
came shortly before the lowest pepsin output. There was a slight tendency 
for the pepsin output to rise in the fourth hour and more so in the fifth, but 
very few experiments extended so far and the mean figures are not reliable. 
Individual experiments showed a rise, as in Fig. 3, but this change seemed to 
lag behind the blood-sugar rise. : | 

In view of the lack of experiments showing return to normal levels, it seemed 
important to show that the decline was a true inhibition and not merely 
@ progressive washing out of pepsin from the pouch. A mean pepsin output 
diagram was therefore prepared from seven control experiments on five dogs 
(Fig. 5c). In these the pouch was washed out as usual but no stimuli were 
applied. It will be seen that although there was a good deal of hour to hour 
variation there was no tendency towards a sustained fall in output. 


Response to psychic stimulation 

In this case the stimulus was one which when applied with ‘Mechothane’ 
potentiation produced acid secretion in all the dogs tested. In these circum- 
stances more uniformity in the pepsin results might be expected. Fig. 9 
represents a mean response curve for thirty-two experiments on six adequately 
tested dogs in which a mean value has been calculated for each 15 min period 
after the start of the stimulus. The standard errors indicate the variation 
encountered. There is a highly significant increase in pepsin output during the 
first 15 min period after the start of the stimulus. Many of these responses 
occurred against a falling basal level, due to the tendency for the pepsin 
response to ‘Mechothane’ to be prolonged beyond that of the acid. Little 
weight can therefore be attached to the fall in pepsin output which occurs in 
the second and third 15 min periods, and no general conclusion as to the 


duration of the response can be reached. Pepsin responses to soespanis stimula- 
tion are shown in Figs. 4, 7a and 6 and 11. 
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Ill. Inhwbitory effects of insulin hypoglycaemia 
The lack of correlation between the maximum acid secretion and the 
. minimum blood-sugar level suggested that an inhibitory influence might be 
operating during the later stages of insulin hypoglycaemia. The experiments 
showed two other features which seemed consistent with this possibility. 
(1) As already mentioned above, the psychic response could not be obtained 
when tested in the later stages of hypoglycaemia, though the animal had 
recovered from the central nervous depressant effects and was obviously 
hungry and interested in the food. (2) In some experiments on insulin- 
negative Heidenhain-pouch animals where the basal level had been higher than 
usual the resting secretion showed a reduction during insulin hypoglycaemia. 

The inhibitory influence of insulin hypoglycaemia on pepsin secretion has 
already been described in this paper (section 1), since it is the most marked 
feature of this aspect of the response. 

A further series of experiments was performed in dahae to confirm the 
inhibitory effects on acid and pepsin secretion induced by ‘Mechothane’. The 
same method for assessment of secretion was used and two doses of 0-25 mg 
of the drug were given intravenously at intervals of 3-3} hr. The total acid 
and pepsin outputs of each response were estimated, and any difference 
between the first and second expressed as + or — a percentage of the first. 
A control series showed for acid secretion a mean difference from nine experi- 
ments of + 16-4+7-8% and for pepsin secretion a mean difference from eight 
_ experiments of +0-1+8-2%. The agreement is quite good. The slightly higher 
acid of the second response seems to be due to the potentiating effect of the 
first dose of ‘Mechothane’. Fig. 10 shows a single control experiment. In 
a further group of experiments insulin (1-5-2 units/kg) was given intravenously 
after the first ‘Mechothane’ response and the second dose of ‘Mechothane’ 
was given during the later stages uf insulin hypoglycaemia when the acid 
secretion produced by the insulin was nearly or completely over (Fig. 2). The 
mean percentage difference for six experiments in each case was — 46-7 + 8-2% 
for acid and —64+2-4% for pepsin. The reductions in each case are highly 
significant (¢=5-4 P<0-01 for acid, and t=6-5 P<0-01 for pepsin). — 


IV. Ethyl-3:3-dimethylallyl barbiturie acid 

The report of Ballem, Noble & Webster (1948) suggested that this substance, compound 164, 
which they have shown to produce gastric secretion in dogs by a central action on the para- 
sympathetic nuclei, might be the ideal stimulant for an investigation of the present type. It 
should be free from any peripheral depressant influence, and Ballem eé al. (1948) had reported 

it to be a more effective stimulant than insulin hypoglycaemia. 
_ A sample of the sodium salt of this compound was obtained from the Ely Lilly Co. who supplied 
it to the original workers, but trials of it proved most disappointing. In doses of 4-8 mg/kg 
subcutaneously it produced no stimulant effect in dogs whose Heidenhain pouches responded well 
to insulin hypoglycaemia and psychic stimulation. The results of three experiments are given in 
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Table 5. Fig. 11 shows an experiment in which the animal gave a large response to psychic 
stimulation immediately prior to the injection of the drug. The explanation of this failure is »t 
present unknown, but may lie in the observations of Antia, Rosiere, Robertson & Grossman (1951) 
Dog M3 800 


—18% + 400 — 


E 
<2- 
i- 
0-25 mg iv. 0-25 mg i.v. 


Fig. 10. Control experiment in which two doses of 0-26 mg ‘Mechothane’ have been 
administered intravenously at an interval of 3} hr. 


Taste 5. Effect on acid secretion of compound 16A 


Mean acid output 
Subcutaneous above basal level 
dose over periods 1-3 
Expt. Dog (mg/kg) (ml. 0-1 x-HCI/15 min) 
137a 82 4 0-08 ~ 
152 B4 4 — 0-03 
154 B4 8 0-00 


whose results on gastric fistula dogs show that compound 16A was a less effective stimulus than 
insulin hypoglycaemia. In one of the present experiments the dose was larger than that normally 
used by the earlier workers (3-4 mg/kg) but the animal did not show the pupillary paralysis or 
the marked signs of genera] central nervous excitation which they described as associated with 
larger quantities. In view of the failure of these initial experiments and development of a more 
reliable psychic stimulus no further investigations with this material were undertaken. 

It has been learned subsequently from the Ely Lilly Co. that there is doubt as to the activity 
of the sample of compound 16A provided for testing. Its action is being reinvestigated. 


V. Motility responses 
In order to provide a complete description of the apparatus and methods used in the work an 
account has been included of the technique for simultaneous investigation of the secretion and 
motility of the pouch, but detailed results of motility studies are not presented here. The following 
is a brief account of the phenomena observed which are relevant to the present paper. 
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After insulin injections no convincing increase in motility was observed but a marked depression 
of tone and cessation of contractions commenced within the first half hour after the injection and 
continued for 3 or 4 hr. In experiments which were continued until the blood sugar returned 


- towards the resting level, the motility also returned. This agrees with the previous observations 


of Templeton & Quigley (1930) on the Heidenhain pouch. No convincing increase in gastric 
motility following psychic stimulation was ever observed and in some experiments there was 
a reduction of previous contractions. Motility records during food showing were often confused 


| by abdominal pressure changes caused by voluntary movements of the animal. 


Dog 84 + 400 
300 


= 


4 100 


mi. 0-1 N-HCI/15 min 


0 i i L 
0 1 3 4 Hr 
‘Mechothane’, Compound 16A 
0-25 mg i.v. food 4 mg/kg. subcutaneously 


Fig. 11. Experiment in which a potentiated response to food showing is followed by a sub- 
cutaneous dose of 4 mg/kg of compound 16A. No response is produced by the latter, even 
though other experiments suggest that some potentiating influence should persist for this 
length of time. The pepsin response to the psychic stimulus is much larger than that usually 
observed. 


DISCUSSION 


The work reported here shows clearly that psychic stimulation, and in certain 
circumstances insulin hypoglycaemia, can produce a secretory response in 
Heidenhain pouches in dogs. This observation is in sharp contrast to the 
original findings of Jemerin et al. (1943) and to the more recent results of © 
Janowitz & Hollander (1951) and of Lim & Mozer (1951). Jemerin e¢ al. used 
only insulin and food showing, but both later groups of workers employed the 
sham-feeding technique which proved the most effective form of stimulus in 
the present work. The discrepancy is explicable on the grounds that none of 
these workers used a technique sufficiently sensitive to demonstrate.the very 
small amounts of secretion produced. It is also possible that the method here 
described may slightly increase the sensitivity of the pouch itself by maintaining 
it in a state of mild distension. Lim, Ivy & McCarthy (1925) showed a small 
increase in the secretory activity of the Heidenhain pouch when it was dis- 
tended by a balloon. 

The interest of the present results lies in the explanation of the responses. 
With psychic stimulation there can be no reasonable doubt that the primary 
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excitation is in the central nervous system and its influence conveyed, at least 
so far as the main stomach, by a nervous pathway. With the insulin stimulus 
there is also the possibility that such a tiny response might be partly or even 
wholly due to a direct peripheral influence of the hormone or some impurity 
in the preparations used. Since previous workers have not observed any 
stimulant effect of insulin hypoglycaemia on the Heidenhain pouch, the 
possibility of a direct peripheral action on the pouch has not been considered 
by them. This point is being investigated, and for the present most stress is 
laid on the psychic responses, which in addition are more dependable and show 
larger peak secretion rates. 

There are two possible mechanisms by which the central excitation may be 
conveyed to the Heidenhain pouch: (1) by a few vagal fibres reaching the pouch 
along the blood vessels of the greater curvature; and (2) by gastrin released 
from the main stomach following vagal stimulation. 

The first of these is the one originally considered to be most likely, and the 
one which the experiments were designed to investigate. As already pointed 
out, it is possible that a few vagal fibres may reach the Heidenhain pouch 
along its blood vessels. In a recent discussion on gastric pouch techniques, 
Friedmann (1951) states that a Heidenhain pouch containing fundic mucosa 
adjacent to the cardia behaves like a vagally innervated pouch (Brestkin & 
Savitch, 1924) and that the degree of vagal innervation of a Heidenhain pouch 
varies with the amount of proximal fundus tissue incorporated. He quotes 
from a personal communication by Komarov (1950) the statement that even 
when an attempt is made to exclude this area it is not uncommon to find 
evidence of vagal innervation. The pouches used in this work did not include 
mucosa adjacent to the cardia. Volborth & Kudryavzeff (1927) postulated the 
existence of cholinergic gastric secretory fibres in the thoracicolumbar outflow 
which reached the stomach via the sympathetic distribution. It is surprising 
that while Hollander (1948, 1951) is prepared to admit this mechanism as 
a possible cause of a positive insulin test following vagotomy, he continues to 
deny the possibility of a positive response to insulin by the Heidenhain pouch. 

There were two main reasons why initially it was thought that the vagal 
fibre hypothesis was more likely to be correct. The first was that with the 
insulin test, on which originally most stress was laid, not all the animals gave 
a positive result. A response due to gastrin release should be given by all the 


animals, but there seemed scope for individual variation in the number of — 


fibres reaching a pouch by a secondary route. Subsequently, the insulin 
hypoglycaemia stimulus has been shown to be less reliable than the psychic 
stimulus, and so far we have not found a single animal which is negative to 
the latter after adequate testing, i.e. ‘Mechothane’-potentiated. This observa- 
tion, while it does not exclude the vagal fibre hypothesis, is equally in keeping 
with the possibility of gastrin release. 
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The second reason was the very small size of the responses observed. It 
seemed likely that gastrin, released as part of the physiological mechanism 
of vagally induced gastric secretion should produce a much larger response in 
the pouch. The possibility did remain, however, that gastrin is liberated in 
small amounts from the pyloric mucosa during vagal stimulation, and that 
this normally acts synergistically on the parietal cell with the direct vagal 
innervation. In the Heidenhain pouch, where the synergistic vagal effect is 
absent or minimal, the circulating gastrin from the antrum of the main 
stomach would produce only a very small response. The work of Lim & 
Mozer (1951) supports this point of view. They have shown that the cephalic 
phase of secretion in an innervated fundic pouch is reduced by cocainization 
of the pyloric mucosa. They also claim that the response to sham feeding is 
frequently abolished by this procedure. They failed to obtain a response to 
sham feeding in a denervated fundic pouch (Heidenhain) which they attribute 
to the amount of gastrin released being subthreshold for this preparation. 
This possibility has also been suggested by Linde (1950). The present experi- 
ments, in which by the use of a more sensitive method and by potentiation 
with ‘Mechothane’ it was possible to detect a very small acid secretion in the 
Heidenhain pouch on vagal stimulation, fit in very well with this concept. 

Other evidence which suggests that the release of gastrin from the pyloric | 
mucosa forms at least part of the mechanism of the gastric response to vagal 
stimulation has recently accumulated. The work of Robertson, Langlois, 
Martin, Slezak & Grossman (1950) has shown that acetylcholine will release 
gastrin from the pyloric mucosa in dogs. Linde (1950) has provided confirma- 
tion of much of the earlier work of Uvniis (1942) on the cat. In man, Glass & 
Wolf (1950) have shown that resection of the distal $ to ? of the stomach 
abolished the rise in acidity and volume of juice produced by insulin hypo- 
glycaemia though the rise in pepsin and mucoprotein persisted. Noring (1951) 
carried out sham-feeding tests on ulcer patients before and after partial 
gastrectomy of the Billroth II type and found a marked and sustained reduc- 
tion in the volume and acidity of the secretion and a less marked reduction in 
the pepsin secretion. 

The main reasons for preferring the vagal fibre hypothesis are thus no longer 
valid in the light of later evidence, and at this stage both it and the alternative 
possibility of gastrin release must be given equal consideration. The pepsin 
studies might have been expected to produce some evidence bearing on this 
point. Direct vagal stimulation is a strong pepsin stimulant, whereas gastrin 
preparations excite a pure acid secretion and there is as yet no definite evidence 
of the existence of a hormonal mechanism for pepsin. Unfortunately, the 
pepsin results available do not permit a definite answer on the crucial question 
as to whether the pepsin response is to be regarded as a primary stimulation 
or a secondary washing out effect. The strong inhibitory influence operating 
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in the experiments with insulin hypoglycaemia render these useless from this 
point of view, and in the case of psychic stimulation the general variability of 
the response and the falling background in most experiments make it impossible 
for the duration of the marked initial increase in output to be satisfactorily 
defined. 

In the presence of direct vagal innervation, the pouch might be expected 
to show motility responses to central parasympathetic excitation, but a con- 
vincing increase in motility has not followed either method of stimulation. 
However, with insulin hypoglycaemia there is a strong inhibitory influence on 
motility, and with food showing the movements of the animal complicate the 
record. Lorber, Komarov & Shay (1950) recorded. motility by balloons in 
gastric-fistula dogs and found that sham feeding was followed by cessation of 
peristaltic contractions, increase of fundic tone and decrease of antral tone. 
This work makes it difficult to predict what type of motility response to expect 
from a Heidenhain pouch with minimal vagal innervation, and the motility 
studies have been of no value in deciding whether the pouch responds to direct 
vagal innervation or to blood-borne gastrin. Experiments are in progress 
designed to differentiate finally between the two possibilities by investigating 
the effect on the secretory response of antrectomy, and of prolonged irrigation 
of the pouch with solutions of local anaesthetics. The preliminary results by 
both these methods support the gastrin hypothesis. 

The inhibitory effects which we have found to be associated with insulin 
hypoglycaemia are of great importance in the assessment of the value of this 
form of stimulus. The existence of such an influence was suggested by the 
experiments of Necheles, Olsen & Scruggs (1942). These workers found that 
the stimulation of acid secretion in Pavlov pouches was less with the deeper 
levels of hypoglycaemia, and also that the secretion to a meat meal was 
reduced when the meal was given along with an injection of insulin. Karvinen 
& Karvonen (1951, personal communication) report that a high rate of hist- 
amine-induced secretion in Heidenhain pouches is depressed by approximately 
50% during insulin hypoglycaemia. 

The present results provide no definite information about the mechanism 
of the inhibitory influence. The effect does not seem fully established until the 
lower levels of hypoglycaemia have been reached. It seems possible that it 
may be due to a direct peripheral influence of the hypoglycaemia on the gastric 
secretory cells. Alternatively it may be a consequence of central sympathetic 
excitation, secondary to the hypoglycaemia. Both these possibilities have 
been put forward to account for depression of gastric motility by insulin 
hypoglycaemia (Lalich, Youmans & Meek, 1937; Necheles & Olsen, 1941). 
The inhibitory effect on pepsin secretion may also be a direct action of hypo- 
glycaemia on the secreting cell. It is interesting that, in the few experiments 
followed so far, the return to normal of pepsin secretion seems to lag behind 
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that of blood-sugar level. The influence of insulin hypoglycaemia on the 
enzymes of the pancreatic secretion has been studied by several workers, and 
both inhibitory and stimulant effects have been reported. The position is 
confused and has been discussed by Babkin (1950, pp. 873-888). Kneller & 
Nasset (1949) have reported that a severe hypoglycaemia with blood-sugar 
levels of less than 25 mg % produced a marked depression of the output of 
sucrase and peptidase in the jejunal secretion of fasted dogs. 

It would appear that the presence of these inhibitory influences affords 
a satisfactory explanation of the relative inefficiency of insulin’ hypoglycaemia 
as compared with psychic stimulation for the demonstration of the small acid 
responses to vagal stimulation found in the Heidenhain pouch. Evidently the 
response to insulin hypoglycaemia represents the resultant of stimulant and 
inhibitory influences. | 

Sharick & Campbell (1951) have recently shown in single experiments on 
nine patients that severe hypoglycaemia produced a well-marked gastric 
secretion in five cases, a slight to moderate response in three and no response 
in one. They suggest that in man there is no depression of the gastric response 
with the deeper levels of hypoglycaemia and that there may be a species 
difference between the dog and man in this respect. This claim seems un- 
justified since if the gastric response to insulin represents a balance between 
stimulant and inhibitory influences, both may be enhanced in severe hypo- 
glycaemia and the effect observed in a given individual will depend on the 
relative strengths of the two mechanisms at the appropriate blood-sugar level. 
The position is likely to be very different in Heidenhain pouches or after 
partial vagotomy from that in intact individuals. The stimulant effect depends 
only on the vagus, and will thus be much reduced, whereas the depressant 
effect depends on non-vagal factors and should be unchanged. Consequently, 
the balance is likely to be heavily weighted towards inhibition. These are the 
conditions under which the insulin test for completeness of vagotomy is 
performed in man. A stimulus which involves an inhibitory influence seems 
an unsatisfactory way to test for minute degrees of residual innervation. Even 
if a positive response is obtained, the extent of the innervation may be much 
greater than the amount of acid secreted would imply. This may well be an 
important factor in the poor correlation between the insulin test and clinical 
results after vagotomy which has been the subject of recent discussions by 
Weinstein, Hollander, Lauber & Colp (1950) and Walters, Belding & Smith 
(1951). This criticism of the test will remain valid whatever is established as 
the actual mechanism of the response of the Heidenhain pouch to vagal 
stimulation. 
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SUMMARY 


1, A method is described for the detection of minimal changes in acid and 
pepsin secretion in gastric pouches in dogs. It will also allow a simultaneous 
motility record. 

2. Four out of ten Heidenhain-pouch dogs responded to insulin hypogly- 
caemia by a small but definite acid secretion. The form of the response and its 
relation to the blood-sugar curve are considered. | 

3. A method for the production of a potentiated response to psychic stimula- 
tion is described. All five animals so tested gave a definite increase of both 
acid and pepsin output. 

4, "Three animals gave a positive response to psychic stimulation but not to 
insulin hypoglycaemia. | 

5. Insulin hypoglycaemia has been shown to exert a depressant influence 
on both acid and pepsin secretion, particularly on the latter. This is considered 
to be the probable explanation of its lower efficiency compared with psychic 
stimulation. The bearing of these results on the insulin test is discussed. 

6. The mechanism of these responses is considered. They could be due 
either to a small vagal innervation reaching the pouch or to the effect of 
gastrin released from the main stomach during vagal stimulation. Preliminary 
evidence favours the latter possibility. 

7. A sample of ethyl-3:3-dimethylallyl barbituric acid (compound 16 A) 
was found to be ineffective as a stimulant of the Heidenhain pouch. 
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THE EXPIRATORY FUNCTION OF THE ABDOMINAL 
MUSCLES IN MAN. AN ELECTROMYOGRAPHIC STUDY 


By E. J. M. CAMPBELL anv J. H. GREEN 


From the Department of Physiology, The Middlesex Hospital 
| Medical School, London, W.1 


(Received 29 October 1952) 


It is generally thought that expiration is a passive process during quiet 
breathing, but that when the effort of breathing is increased expiration is 
assisted by muscular action. The muscles of the anterior and lateral abdominal 
wall are generally regarded as the principal expiratory muscles. By their 
contraction the intra-abdominal pressure is increased and the diaphragm is 
driven upwards; these muscles also pull the costal margin downwards. 

There is no method available at present for recording the tension developed 


_ during contraction of the abdominal muscles in man; we have, therefore, used 


an electromyographic method for studying their activity. We considered 
expressing the electrical changes recorded in terms of electrical units or by 
methods involving an analysis of the paper records. We rejected these pro- 
cedures for the following reasons: (1) The voltage recorded by any method 
depends upon many factors: the type of electrodes; the exact site of the 
electrodes; the electrode resistance; short circuiting effects of the tissues 
which lie between the muscle fibres and the electrodes; the input impedance 
of the amplifier, its frequency, phase and amplitude response; the characteris- 
tics of the recording system. (2) A voltmeter recording the output of the 
amplifier does not distinguish between the electromyogram, the electro- 
cardiogram and artifacts. (3) The electrical activity recorded in the muscles 
varies from subject to subject and can only be reproduced in the same subject 
if all the conditions mentioned above remain unchanged. The method we 
ultimately employed is essentially one of biological assay. The electrical 
activity in the abdominal muscles was recorded during the maintenance of a 
series of expiratory pressures; the electrical activity of the muscles was thus 
equated to a known and reproducible muscular effort. Using these records the 
activity of the abdominal muscles during various kinds of breathing can be 
assayed by simple inspection. Since we completed our experiments Lippold 
(1952) has reported a study of the calf muscles in man using surface electrodes. 


tg 


410 E. J. M. CAMPBELL AND J. H. GREEN 


He finds that the relationship between isometric tension and the integrated 
electromyogram is always linear. 

Surface electrodes were used in preference to needle electrodes for the 
following reasons: (1) A larger volume of muscle is sampled; thus a better 
indication of the bulk participation of the muscle is gained, and the recording 
of unrepresentative motor units is less likely. (2) Surface electrodes cause the 
subject less apprehension. 


METHODS 


Apparatus 
Recording was carried out with an Ediswan 4-channel amplifier with inkwriter oscillographs. 
. The surface electrodes used were of silver, coated with silver chloride. They were circular in 
shape, 12 mm in diameter with a rim 2 mm wide and a central shallow cup which was perforated 
in two places. 

A 61. water-filled Kendrick spirometer was arranged to give record of the respiration on the 
electromyograph paper. 


Fig. 1. Arrangement of the spirometer circuit. 8, subject’s mouthpiece; 7, tap; D, differential 
manometer; P, pump (sphyg ter hand bulb); M, water manometer. By means 
of the pump any given pressure can be produced and read on the manometer out of sight of 
the subject. This pressure displaces the needle in the differential manometer which can be 
seen by the subject. By turning the tap the subject can be switched from the spirometer to 
the differential manometer; he is then instructed to blow out until the needle of the dif- 
ferential manometer returns to the centre, and then to hold it there. While he does this the 
observer signals on the electromyogram. 


A differential manometer was used one side of which was connected to a side-arm on the spiro- 
meter mouthpiece and the other side to a water manometer and a small hand pump (a sphygmo- 
manometer bulb). This arrangement had two advantages: (1) the subject did not know what 
pressure he was maintaining, and (2) it was easy to judge a steady effort by watching the needle 
of the differential manometer. 

The arrangement of the apparatus is indicated in Fig. 1. 
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Subjects 
Nineteen young men aged 18-26 were studied. They were examined in the supine position. 
muscles on the right side only were studied. 


Application of the electrodes 
Attention to detail is important. The rims of the electrodes were coated with electrode jelly and 
the electrodes fixed to the skin with collodion. The central cups were filled with electrode jelly 
through one aperture until it appeared at the second aperture. The electrodes were finally covered 
with circular adhesive patches. 
Placing of the electrodes 


External oblique. Two electrodes were placed 4-5 cm apart straddling the anterior axillary line 
midway between the costal margin and the iliac crest. The posterior electrode was placed higher 
than the anterior so that the axis of the pair was obliquely downwards and forwards in the line of 
the muscle fibres. No significant difference was detected between different parts of the muscle. 
When two pairs of electrodes were applied, one over the upper posterior part of the muscle and the 
other over the lower anterior part, the records obtained were very similar (Fig. 3). 

The electrodes over the external oblique probably also pick up activity in the internal oblique 
and transversus abdominis muscles. There is, however, no reason to suppose on anatomical grounds 
that these muscles differ in their respiratory function from the external oblique. 

Rectus abdominis. Two electrodes were placed 4-5 cm apart longitudinally over the muscle at 
the level of the umbilicus. 


RESULTS 

The activity of the abdominal muscles was studied under the following con- 
ditions: (1) during graded static expiratory effort, (2) while rebreathing from 
the spirometer to produce asphyxia, and (3) while performing certain skeletal 
movements, i.e. lateral flexion of the trunk and raising the shoulders off the 
— Graded static expiratory effort 

The forced expiration was carried out starting with the chest in the resting 
respiratory position, i.e. at the end of normal expiration. The expiratory 
pressure was raised by 5 or 10 cm H,O steps. As the expiratory effort required 
of the subject was increased the electrical activity recorded from the abdominal 
muscles increased correspondingly. It was possible to distinguish changes in 
the electromyogram with changes of 5cm H,O in expiratory pressure, over 
the expiratory pressure range of 0-30 cm H,O and with changes of 10 cm H,0 
over the range of 30-80 cm H,0 (Fig. 2). 

The records obtained in this way in each subject were then used to assess 
the expiratory effort produced in the following experiments. 


Rebreathing to produce asphyxia 

Room air was rebreathed from a 6 1. spirometer; no CO, absorber was used. 
The increase in the pulmonary ventilation that occurred was, therefore, 
mainly brought about by CO, accumulation. There was no muscular activity 
recorded by the e.m.g. during quiet breathing. As the rate and depth of 
breathing increased activity appeared and became progressively greater. 

Matching of the electrical activity during rebreathing with that obtained 
during graded static expiratory effort was carried out as follows (see Fig. 3). 
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Fig. 3. The e.m.g. of the abdominal muscles during increasing pulmonary ventilation compared 
with that obtained on making known expiratory efforts. £.0. 1: the e.m.g. recorded from a 
pair of surface electrodes over the R. ext. oblique muscle in the flank just below the costal 
margin. B.0. 2: the e.m.g. recorded from a similar pair of electrodes over the R. ext. oblique 
straddling the anterior axillary line just above the iliac crest. Rect. : the e.m.g. recorded from 
a pair of surface electrodes over the R. rectus abdominis muscle at the level of the umbilicus. 
Resp.: the respiration recorded from the spirometer. Time in sec. The respiration trace is 
+ sec to the left of the e.m.g. A: immediately after the subject had begun to rebreathé air 
from the spirometer (no CO, absorption); B: 123 sec (34 breaths) later; C: 67 sec (19 breaths) 
after the end of B; D: static expiratory efforts recorded immediately prior to the rebreathing, 
obtained in the same way as in the experiment reproduced in Fig. 2. In B the pulmonary 
ventilation is 29 1./min and the activity corresponds to an expiratory effort of 10 cm H,O 
(7-5 mm Hg). In C the pulmonary ventilation is 34 1./min and the activity in the ext. oblique 
corresponds to an expiratory effort of 15-20 cm H,0; the activity in the rectus abdominis 
corresponds to 20-25 cm H,0. 
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The rebreathing record was examined until a portion was found in which the 
e.m.g. on inspection corresponded closely with that obtained during a static 
expiratory effort of 10 cm H,0; the associated spirometer record was analysed, 
and the rate and depth of breathing (and hence pulmonary ventilation) were 


TaBLE 1. The electrical activity of the external oblique (z.0.) and rectus abdominis (Rect.) 


known static expiratory efforts 
Activity appearing during expiration equivalent to that 
10 cm 30 om H,O 
(7-5 mm ) as mm Hg) (22 mm ) 
Vital Rate Tidal Pulm. Rate Tidal Pulm. Rate Tidal Pulm. 
per vol. ventiln per vol. ventiln per vol. ventiln 
Subject Muscle min (1) (1./min) min (1) (L/min) min (L/min) 
R.B. 6 E.0. is 16 2% 2 “a6 
M.G. 4-3 E.O. 14 2 32 8 — — 
Rect. ll 38 3 6.12 
Ret. 18 #28 41 206% 26 6 26% 27 68 
E.P. 4-1 B.0. 3 2 8% 38 290 
M.C. 5-5 E.O. if 26 16 588 195 41 80 
Rect. 32 26 = 1445 32 47 1 37 # 59 
D.F. 4-4 E.O. iz 27 3 09 & 21 34 
Rect. 32 27 3 21 34 
J.H. 4 E.O. 6 DW 356 0 35 j%@T7 
Rect. 4 22 # «31 16 25 38 1665 3° 47 
G. Ha’ 4-4 E.O. lia 8 72 32 
G. Ho 4 E.O. 2 862 4 30 #25 é7%6 — 
Rect. 2 2 4 #238 24 — 
J.D. 5-2 E.0. 20 3 6 84. 19 638. 
Rect. 33 #4 38 80 


The data for each subject were obtained in the manner illustrated by Fig. 3. 

Each subject rebreathed room air (no CO, absorber) from the spirometer. This caused a pro- 
gressive increase in the rate and depth of the breathing. 

The electrical record was subsequently compared by simple inspection with that obtained on 
graded static expiratory efforts and the rate and depth of breathing were measured at which the 


activity was the same as that produced in making static expiratory efforts of 10, 20, and 30 cm H,0. 
For fuller description see text. 


There is no apparent correlation between the degree of electrical activity in the abdominal 
muscles and the rate or depth of breathing; but there is fair correlation with the pulmonary 


ventilation. 

determined by taking the average of five successive breaths. The matching was 
then carried out in the same way with the records of static expiratory efforts 
of 20 and 30 cm H,0. The matching procedure was carried out separately for 
the records from the external oblique and the rectus abdominis.. In ten of the 
thirteen subjects thus investigated satisfactory records were obtained. The 
results are recorded in Table 1. To enhance the reliability of the matching 
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process, the two sets of observations, i.e. recording the static expiratory efforts 
and the rebreathing, were carried out immediately after each other to keep the 
conditions as constant as possible. The electrodes were not moved or adjusted 
in any way; the same channels were used on the amplifier and the same 
amplification was employed. 

A level of activity in the abdominal muscles matching that of a static 
expiratory effort of 10 cm H,O occurred when the pulmonary ventilation was 
28-50 L/min. Matching with a static expiratory effort of 30 cm H,O occurred 
when the pulmonary ventilation was 62-84 1./min. 

It is not suggested that during asphyxial hyperpnoea these pressures are 
actually developed in the abdomen or thorax; they are merely the ‘equivalent’ 
of the muscular activity in terms of static expiratory efforts. 


Graded expiratory effort starting from the position of full inspiration 
When the manoeuvre was performed after a full inspiration the electrical 
activity associated with maintaining any given expiratory pressure was always 
less than when the expiration started from the end of a normal expiration 
(Fig. 2B). 


The effect of certain skeletal movements on the electromyogram 


The movements employed were: (i) Lateral flexion of the trunk. This 
involves a vigorous contraction of the external oblique: (ii) Raising the head 
and shoulders off the couch. This involves a strong contraction of the rectus 
abdominis. 

In both muscles the electrical activity associated with these movements was 
much greater than that recorded during maximal static expiratory efforts 
(Fig. 4). The amplifier gain had always to be much less than that employed 


in recording static expiratory efforts or rebreathing. 


| DISCUSSION 

We have shown that the activity in the abdominal muscles during increased 
pulmonary ventilation due to asphyxia is small compared with that recorded 
while making static expiratory efforts. It is not suggested that during 
asphyxial hyperpnoea the entire expiratory force is produced by the abdominal 
muscles; other expiratory muscles may also play a part. In addition the early 
part of expiration is wholly or largely passive, even when the pulmonary 
ventilation is considerably increased (Campbell, 1952). 

The activity in the abdominal muscles on making a given static expiratory 
effort is less when the chest is fully expanded than when it is in the position 
of rest. A number of factors may be responsible for this difference: (a) It may 
be due-to variation in the electrical and spatial relationship of the electrodes 
to the muscles. This is not likely with the electrode placing employed. No 
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Fig. 4. Comparison of the electrical activity in the abdominal muscles on maximal expiratory 
effort with that recorded on skeletal movement. 28.0.: the e.m.g. recorded from a pair of 
_ surface electrodes over the R. ext. oblique. Rect.: the e.m.g. recorded from a pair of surface 
electrodes over the R. rectus abdominis. Time in sec. The amplifier gain has been greatly 
reduced from that employed in the other experiments. This was necessary because the activity 
produced during skeletal movement overloaded the amplifier if a higher gain was employed. 
A: maximal expiratory effort against a closed glottis at the resting respiratory level; B: maxi- 
mal expiratory effort against a closed glottis with the chest fully expanded, i.e. in the position 
of maximal inspiration; C: maximal expiration, i.e. the expulsion of reserve air; D: lateral 
flexion of the trunk to the right performed at the resting respiratory level; E: lateral flexion 
of the trunk to the right performed at maximal inspiration; F: lateral flexion of the trunk to 
the right performed at maximal expiration; G: raising the shoulders off the couch performed 
at the resting respiratory level; H: raising the shoulders off the couch performed at maximal 
inspiration ; I: raising the shoulders off the couch performed at maximal expiration. Lateral 
flexion of the trunk is a movement involving contraction of the external oblique, and raising 
the shoulders involves contraction of the rectus abdominis. The electrical activity on making 

a maximal expiratory effort is much less than that on making a skeletal movement. 


Maximal expiratory effort 
3 Maximal lateral tlexion of the trunk 
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comparable difference was found between the electrical activity during skeletal 
movement performed at rest and at full inspiration (Fig. 4). (b) The difference 
is probably in part at least due to the difference in the relaxation pressure of 
the lungs and chest wall which at full inspiration is 27-2 mm Hg (+ 5-9 mm Hg) | 


in the supine posture (Rahn, Otis, Chadwick & Fenn, 1946), whereas in the 


resting respiratory position it is of course zero. (c) There may be other muscles 
of expiration which are more effective when the chest is fully expanded than 


when it is at its resting volume. 


The activity associated with maximal static expiratory efforts is considerably 
less than that produced in skeletal movements. There are two possible 
explanations: 

(a) Some of the muscle fibres may be so arranged that their contraction does 
not contribute to the performance of expiration; on anatomical grounds this 
appears unlikely. 

(6) There may be some mechanism which prevents the undue rise in intra- 
abdominal pressure which might occur if the muscles of both sides contracted 
maximally at the same time. We consider this to be the more likely explanation. 

From our studies it seems that two kinds of expiratory effort may be 
recognized : 

(1) Expiration occurring as a ‘voluntary’ manceuvre as in a static expira- 
tory effort or voluntary hyperventilation, or in coughing or straining. In this 
group there is More activity of the abdominal muscles than in group (2). 

(2) Expiration occurring in the course of ‘involuntary’ natural breathing, 
either quiet respiration or when the breathing is stimulated by chemical 
agencies. Under these conditions there is little activity of the abdominal wall 
muscles which thus only assist expiration to a very moderate extent. The level 
of pulmonary ventilation achieved in asphyxial hyperpnoea need not involve 
gross fluctuations in intra-abdominal pressure which might embarrass the 
circulation. 

It seems from our results that the respiratory centre when stimulated 
maximally by asphyxia can recruit only a fraction of the motor neurone pool 
of the abdominal muscles. In voluntary maximal breathing, however, it is 
possible that the respiratory centre is partially or wholly by-passed by 
impulses from a higher brain level. But even this higher brain level cannot 
recruit the abdominal muscles fully, as is shown by the greater degree of 
activity of these muscles during voluntary skeletal movement. It is possible 
that the limited abdominal contraction in asphyxial hyperpnoea may be due 
to an inhibitory reflex operating at spinal level. Maximal static expiratory 
efforts and voluntary maximal breathing might, perhaps, represent the re- 
sultant of competition between the central voluntary drive and the hypo- 
thetical spinal inhibitory reflex. 
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SUMMARY 


1. A method of studying the abdominal muscles electromyographically 
using surface electrodes is described. 

2. The activity of the external oblique and rectus abdominis muscles on the 
right side of young male subjects in the supine position was studied. 

3. The activity in the abdominal muscles on making a static expiratory 
effort is less when the chest is expanded than when it is in the resting position. 
This is probably chiefly due to the assistance of the relaxation pressure at full 
inspiration. 

4. The activity in the muscles during the increased pulmonary ventilation 
due to asphyxia is small compared with that recorded during static expiratory 
efforts or in maximal voluntary breathing. 

5. The activity in the muscles on maximal expiratory effort is small com- 
pared with that recorded during the performance of skeletal movements 
employing the muscles. 

6. It is suggested that a distinction can usefully be made between expira- 
tion occurring in ‘involuntary’ natural breathing such as quiet respiration 
or asphyxial hyperpnoea, and ‘voluntary’ expiration as in static expiratory 
efforts or voluntary maximal breathing, or in coughing or straining. 
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RELEASE OF HISTAMINE BY THE LIVER 
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Following the demonstration of histamine release from skeletal muscle by 
curare (Alam, Anrep, Barsoum, Talaat & Wieninger, 1939) a large number of 
other histamine releasers have been described by Schild & Gregory (1947), 
Rocha e Silva & Schild (1949) and especially by MacIntosh & Paton (1949). 
Histamine releasers have some specificity in their action. While curare, for 
instance, acts on muscles and releases no histamine from lungs or the intestinal 
tract, snake venom releases considerable amounts from perfused lungs of the 
guinea-pig and of the cat (Feldberg & Kellaway, 1937). According to 
MacIntosh & Paton (1949), in the cat, licheniformin hydrochloride and many 
other substances release histamine mainly from the skin, less from the muscles 
and none from the digestive tract and the lungs. On the other hand, in the 
dog, the main site of the release is the liver. This is unlike the action of curare, 
which in all species so far investigated, including the dog, acts mainly on the 
skeletal muscle. 

The object of the experiments to be described was to study histamine release 
by the liver with special reference to the action of bile salts. 


METHODS 


All the observations were made on dogs. The experiments were performed on heart—lung-liver 
preparations and on anaesthetized animals, in which blood samples were collected from an artery 
and from the portal and hepatic veins. 

The livers for perfusion were taken from dogs about half the weight of those used for the 
heart-lung preparation. The perfusion was carried out with defibrinated blood to which heparin, 
0-2 g/l, was added to counteract the fibrinogen which might be liberated by the liver during the 
course of an experiment. The livers were perfused through the portal vein and the hepatic artery 
or through the portal vein alone. The hepatic artery was supplied with blood directly from the 
arterial side of the preparation, i.e. with a pulsatile pressure of 90-110 mm Hg. The portal vein 
was also supplied with arterial blood, but at a pressure which was reduced to 25-40 mm Hg by 
means of an adjustable clamp between the heart-lung preparation and the vein. The blood 
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draining from the liver was collected through a cannula inserted into the vena cava above or 
below the liver. The other end of the vena cava was tied. From the liver the blood was returned 
to the heart-lung preparation. The lungs of the preparation were ventilated with room air or with 
air containing 5% CO,. 

In some experiments the perfusion was carried out in situ; in others, the liver was removed 
from the body. Adequate precautions were always taken to prevent the perfused liver from 
cooling. 

For experiments on the whole animal the dogs were anaesthetized with chloralose. Arterial 
blood was collected from the femoral or carotid artery; portal blood, through a cannula inserted 


into a mesenteric vein pointing towards the portal vein, and hepatic blood, through a cardiac 


catheter introduced into the hepatic vein through the jugular vein and the inferior vena cava. 
The end of this catheter was so shaped as to fit one or another opening of the hepatic vein. The 
correct position of the cannula was verified by palpation through the abdominal cavity. With 
practice the position of the cannula can be ascertained by the fact that when correctly placed the 
outflow of the blood is markedly increased during each inspiration ; this does not occur when the 
cannula lies in the vena cava. Since no anticoagulants were injected, the catheter had to be with- 
drawn between the collections of the blood from the hepatic vein. 

The estimation of the histamine equivalent was made by the method of Barsoum & Gaddum 
(1935) or its modification by Anrep, Barsoum, Talaat & Wieninger (1939); all histamine values 
are expressed in terms of histamine acid phosphate. The histamine-like nature of the active 
substance of the blood extracts was in most experiments verified by administration to the guinea- 
pig's ileum of 10-* mepyramine maleate (neoantergan) or of 10-* diphenhydramine HCl (benadry)). 
Heparin or Chiorazol Fast Pink were used as anticoagulants when necessary. Since injections of 
bile salts were made in most experiments it was important to determine whether histamine could 
be satisfactorily assayed in their presence. Exposure of the guinea-pig ileum to bile salts was 
found to reduce its sensitivity to histamine. When, however, the bile salts were added to blood 
and an extract prepared by a method involving hydrolysis in strong acid, the assay could be 
performed as accurately as with normal blood. 


RESULTS 
The removal of histamine by the liver 
In seventeen experiments performed on perfused livers the histamine equiva- 
lent of the hepatic venous blood was found to be lower than that of the arterial 


blood, indicating that the liver was removing histamine from the circulation. 
As can be judged from Table 1, the extent of this removal varied from one 


min. histamine activity expressed as mg/ml. in both ex 
Expt. 1. Blood histamine Expt. 2. Blood histamine 

Time To the the Time To the the 

(min) liver liver Diff. (min) _ liver liver Diff. 
00 0035 0-030 — 0-005 00 0-057 0-035 ~ 0-022 
10 0033 0-025 — 0-008 15 0-050 0-035 -0-015 
18 0030 0-025 — 0-005 25 0-045 0-030 0-015 
35 460-0380 0-025 — 0-005 40 0038 0-028 -0-010 
45 0025 0-020 — 0-005 4 0088 0-025 -0-013 
6 0025 0-020 — 0-005 

Mean 0-030 0-024 — 0-006 Mean 0045 0-030 —0-015 
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experiment to another. In Expt. 1 the diminution of the histamine equivalent 
of the blood passing through the liver was small, almost bordering on the limit 
of accuracy of the assay, and only the fact that the result of all the determina- 
tions pointed in the same direction justified their acceptance. A greater reten- 
tion of histamine was observed in Expt. 2. When compared with the arterial 
blood the mean diminution in the histamine equivalent was, in the first 
experiment, equal to about 20% and in the second, to 33%. 

In seventy-two similar determinations the average diminution in the hista- 
mine equivalent of the blood during its passage through the liver was equal to 
28% of the value for arterial blood. In six determinations no difference 
between the arterial and the hepatic venous blood could be detected, and in 
four experiments the first sample of the hepatic venous blood collected in each 
had a higher histamine equivalent than that of the arterial blood. As a rule, 
the retention of histamine was greater when the histamine equivalent of the 
blood supplied to the liver was high or when histamine had been added to the 


perfusing blood. 


Observations on the whole animal gave similar results. The histamine 
equivalent of the hepatic venous blood was found to be lower than that of the 
portal blood. The difference was frequently more conspicuous than in per- 
fusion experiments, which is probably due to the fact that the portal blood in 
the whole animal was usually found to be richer in histamine than the blood 
in heart-lung preparations. As an average of fifty-six determinations made in 
fifteen experiments on the whole animal the histamine equivalent of the 
hepatic blood was 40°, lower than that of the portal blood. 

It is obvious that with such a rate of removal no histamine should remain 
in the circulating blood for more than a short time during a perfusion experi- 
ment. However, in experiments lasting 1-2 hr the histamine equivalent of the 
perfusing blood diminished but little. In seventeen experiments on heart—lung- 
liver preparations the average diminution was about 30%, of the initial value, 
ranging between 15 and 38%. These observations indicate that the removal of 
histamine by the liver must to some extent be compensated by liberation of 
this substance by the remaining tissues of the preparation. ; 

In this respect experiments on the whole animal revealed the interesting fact 
that while the liver, under normal conditions, was removing histamine, the 
intestinal tract was continuously releasing it into the circulating blood. As 
a result, the histamine concentration of the portal blood was usually found to 
be higher than that of the arterial blood. In some experiments the portal 
histamine concentration was only 25°% above that of arterial blood; in others, 
the difference was as great as 300%. The maximal increase observed amongst 
thirty-four determinations was from 0-019,g/ml. in the arterial blood to 
0-063 ug/ml. in the portal blood. 

As a result of the histamine removal by the liver its concentration in hepatic 
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venous blood tended to approximate to that of the arterial blood. In some 
experiments, like the example given in Table 2; the removal of histamine by 
the liver was greater than the addition by the intestine so that the blood in the 
hepatic vein became poorer in histamine than the arterial blood. 


2. Effect of curare on the histamine 


retention by the liver. blood samples were collected as nearly simultaneously as possible 
from the femoral the vein a cardiac , from the 
hepatic vein. Blood histamine activity expressed as ug/ml. diphosphate 
Blood histamine activity 
Time (min) "Arterial Portal Hepatic venous 

0-3 0-050 0-067 é 0-040 

15-17 0-060 0-032 

20 8 ml. of 1% ‘calabash’ curare injected into 

25-28 0-470 0-340 0-190 

38-40 0-320 0-240 0-130 

Effect of curare 


Curare, one of the most potent. histamine releasers from skeletal muscles, 
had no such effect on the liver. Perfusion of the liver with blood containing 
‘calabash’ curare or p-tubocurarine neither released histamine from the liver 
nor diminished the rate of its withdrawal. Table 2 is given as an example of an 
experiment with curare performed on the whole animal. 

It can be seen from this experiment that before the injection of curare the 
intestine released and the liver withdrew histamine from the blood. After 
the injection, the arterial histamine concentration increased tenfold, and the 
intestine instead of releasing histamine as previously now removed it from the 
circulation. The histamine equivalent of the portal blood after the injection of 
curare was diminished by 25%, and that of the hepatic blood by 55%, as 
compared with the valugffbr arterial blood. 


Effect of restriction of the blood flow 

Restriction of the blood flow through the liver by reducing the blood supply 
from the heart-lung preparation or by perfusing it only through the hepatic 
artery or the portal vein did not change the relative difference between the 
histamine equivalent of the blood before and after its passage through the 
liver (Table 3). Neither was the histamine concentration of the hepatic venous 
blood changed in the whole animal by occlusion of the hepatic artery. It 
follows, therefore, that so long as the histamine concentration of the inflowing 
blood remained unaltered the absolute amount of the histamine retained by the 


liver varied with the blood flow. 

| Effect of diminished oxygen supply 
Livers perfused by means of heart-lung preparations are supplied with 
blood of a higher oxygen saturation than that of the portal blood in the intact 
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animal. The possibility obviously exists that at a low oxygen tension the 
histamine retention by the liver might be diminished or even changed to 
a release. This possibility acquires a special significance since Anrep, Barsoum 
& Talaat (1936) showed that in an ordinary heart-lung preparation with no 
liver in the circulation, oxygen lack was accompanied by a conspicuous rise of 
the histamine equivalent of the circulating blood 


Taste 3. Effect of restriction of blood supply on histamine withdrawal by the perfused liver. 
In Expt. 1 the liver was perfused through the hepatic artery (H) and portal vein (P), and 


: 


histamine expressed as ug/ml. 
Expt. 1 
Blood histamine 
Time (min) Perfusion Bloodflow Tothe From the 
Expt. 1 through (ml./min) liver liver Diff. 
00 H+P 220 0-036 0-028 — 0-008 
12 90 0-040 0-030 -0-010 
22 H+P 230 0-033 0-028 ~ 0-005 
34 170 0-030 0-023 - 0-007 
45 H+P 210 0-026 0-019 - 0-007 
55 H+P 230 0-026 0-017 - 0-009 
Expt. 2 
00 P 260 0-048 0-035 - 0-013 
20 P 170 0-048 0-038 -0-010 
29 120 0-045 0-035 - 0-010 
37 P 70 0-040 0-032 — 0-008 
46 P 50 0-040 0-030 - 0-010 
57 P 220 0-035 0-028 - 0-007 
TaBLe 4. Heart—lung-liver preparation. Effect of reduced oxygen on histamine removal 
20 min, with air containing 6% oxygen. Blood histamine activity expressed as pg/ml. 
Blood histamine 
Time Air supplied ‘To the From the 
(min) to lungs liver liver Diff. 
0 Room air 0-029 0-020 - 0-009 
10 Room air 0-027 0-018 — 0-009 
20 6% oxygen 0-060 0-030 - 0-030 
30 6% oxygen 0-065 0-036 — 0-029 
40 m air 0-030 0-018 -0-012 
‘50 Room air 0-022 0-016 — 0-006 


It can be seen from the experiment presented in Table 4 that a similar rise 
occurred also in the presence of the liver, and that the liver, far from con- 
tributing to this rise, continued to withdraw histamine from the circulation. 
In fact, during the period of anoxia the withdrawal of histamine by the liver 
proceeded at a faster rate than before. In this particular experiment the 
oxygen saturation of the arterial blood sample collected during the exposure 
to low oxygen tension was reduced to 43%. The histamine equivalent of this 


estricting the blood supy _ ps were collected at the end of each perfusion 
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sample was more than doubled as compared with the initial value, while the 
diminution of the equivalent during the passage of the blood through the liver 
rose from 30 to 50%. The absolute amount of histamine removed by the liver 
increased from 1-7 to 5-7 g/min. It is unlikely that this increase in the reten- 
tion or destruction of histamine was directly due to oxygen deficiency since, 
as has been already mentioned, an increase of histamine concentration in the 
perfusing blood leads to a similar increase of its retention. 
Effect of bile salts 

MacIntosh & Paton (1949) found no release of histamine on intravenous 
injection of bile salts into the whole animal. Recently Schachter (1952) reported 
the liberation of small amounts of histamine from the isolated perfused cat’s 
skin after injection of bile salts directly into the perfusion fluid. 

In the present experiments sodium glycotaurocholate dissolved in saline was 
slowly injected into the portal vein or hepatic artery in doses of 0-2-2-0 g. In 
perfusion experiments the blood issuing from the liver during, and for about 
1 min after, the end of an injection was discarded so as to minimize the direct 
action of bile salts on the heart. In the whole animal this was not possible 
and therefore the injections were always accompanied by a considerable though 
- transient fall in blood pressure. 

The results of two experiments on perfused livers are given in Table 5. It 


the portal vein. In Expt. 1 the blood flow was controlled at about 150 ml./min and 
in Expt. 2 at 120 ml./min. Histamine activity expressed as ug/ml. diphosphate 


Expt. 1. Blood histamine Expt. 2. Blood histamine 
a 
Time To the the Time To the the 
(min) liver liver Diff. (min) liver liver Diff. 
00 0055 0-035 — 0-020 00 0040 0-032 — 0-008 
12 0050 0-030 — 0-020 10 0040 0-030 0-010 
17 2-0 of bile salts in 10 ml. saline 12 1-0 g of bile salts in 10 ml, saline 
injected into portal vein injected into portal vein 
20 O110 1-460 + 1-350 14 00656 0-520 +0-455 
29 0070 0-380 +0310 . 20 0060 0-210 +0-150 
40 0060 0-160 +0-100 28 0035 0-100 + 0-065 
48 0060 0-120 + 0-060 38 +0-025 


can be seen that on injection of bile salts the normal activity of the liver in 
relation to histamine was reversed. Instead of being removed by the liver, 
histamine was now released. In this respect it was found immaterial whether 
the injections were made into the portal vein or hepatic artery. The arterial 
histamine equivalent was in these experiments not greatly changed, probably 
due to the histamine-removing action of the lungs. The maximal rate of 
histamine release by the liver in the experiments presented in Table 5 was 
200 g/min in Expt. 1 and about 55 g/min in Expt. 2. 
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In fifteen heart-lung-liver preparations in which bile salts had been 
administered, the maximal increase of the histamine equivalent of the blood 
emerging from the liver bore a relation to the amount of bile salts injected. 
On injection in different preparations of 0-25, 0-5, 1-0 and 2-0 g the average 
maximal increase of the histamine equivalent per ml. was 0-07, 0-28, 0-49 and 
1-2 ug respectively. 

Observations on the whole animal confirmed the results obtained with liver 
perfusion ; injections of bile salts into the portal vein or into the hepatic artery 
caused a considerable increase of the histamine equivalent of the blood in the 
hepatic vein (Table 6). With injections of 0-5-1-0 g of bile salts the histamine 


Tasxe 6. Dog weighing 11 kg, anaesthetized with chloralose. Effect of injection of bile salts into 
activity expressed as ug/ml. diphosphate 


Blood histamine 
Time (min) Arterial Portal 
0-3 0-008 0-016 0-012 
7-8 1-5 g of bile salts in 15 ml. saline injected into the 
portal vein 

10-12 0-033 0-034 0-370 
20-22 0-020 0-019 0-046 
30-32 0-010 0-018 0-030 


equivalent of arterial blood was usually not affected, but with larger doses it 
increased in most experiments, never, however, to the same extent as in the 
hepatic vein. 

Experiments on the whole animal were complicated by a considerable fall 
in arterial blood pressure which followed the injection of bile salts. This was 
due to a direct. action and not to the release of histamine since it was not 
modified by administration of various antihistamines. The possibility that the 
fall in blood pressure might. be the cause of the histamine liberation by the 
liver is excluded by the fact that a similar liberation was observed also in 
perfused livers, where the blood pressure is not changed by administration of 
the bile salts, and also by the fact that injections of bile salts into the general 
circulation through the jugular vein caused a much smaller liberation of 
histamine from the liver than injections into the portal vein, although the 
effect on the arterial blood pressure was in both cases approximately the same. 

No evidence could be found to show that histamine is released by bile salts 
from other organs besides the liver. There was no increase in the blood 
histamine equivalent of the general circuit or coronary sinus blood when bile 
salts were injected into a heart-lung preparation in the absence of the liver; 
and, in the intact animal, injections of bile salts into the femoral artery were 
not followed by an increase of histamine concentration in the femoral vein. 
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SUMMARY AND CONCLUSIONS 


1. The removal and release of histamine by the liver were studied in heart— 
lung-liver preparations and in the whole animal by comparison of the hista- 
mine equivalents of arterial, portal and hepatic venous blood samples. 

2. In most determinations portal blood was found to be richer in histamine 
than arterial blood, indicating that the intestine continuously released hista- 
mine into the circulation. 

3. The histamine equivalent of hepatic venous blood was usually lower than 
that of the portal blood, indicating that histamine was withdrawn from the 
blood during its passage through the liver. As a result, the histamine equiva- 
lent of hepatic venous blood was reduced to the level of the arterial blood or 
less. | 

4. On increasing the histamine equivalent of the arterial blood by injection 
of histamine or of a strong histamine releaser, such as curare, both the 
intestine and the liver were found to remove histamine from the blood. 

5. Administration of curare, restriction of the blood supply to the liver or 
severe anoxia caused no release of histamine from the liver. 

6. Injections of bile salts into the hepatic artery or into the portal vein 
caused a conspicuous release of histamine by the liver. No such release by 
bile salts could be observed from other organs such as the lungs, the heart, the 
intestine or the limbs. 
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BLOOD HISTAMINE IN EXPERIMENTAL OBSTRUCTION 
OF THE COMMON BILE DUCT 


By G. V. ANREP anp G. 8. BARSOUM ba 
From the Physiological Laboratory, Kasr-el-Aini Medical Faculty, 
Caro, Egypt 
(Received 10 November 1952) 


Anrep, Barsoum & Talaat (1953) have shown that injection of bile salts into 
the blood supplying the liver leads to a release by that organ of considerable 
amounts of histamine. In the dog this effect seems to be specifically related 
to the liver since, in that animal, no histamine was released from other organs 
such as the intestine, the heart, the lungs and the skeletal muscles. As a con- 
tinuation of these observations a further series of experiments is described in 
_ the present communication, dealing with the effect of acute obstruction of the 
common bile duct on the histamine equivalent of the circulating blood. 


METHODS 

The common bile duct was ligatured, with aseptic precautions, in seven dogs. All the animals 
recovered without complications. For the first few days their appetite was not much disturbed 
and they consumed the usual amount of milk, meat and bread. As their condition deteriorated 
the animals lost appetite and finally refused all food, but continued to drink water up to the last 
day of survival. Eventually all the dogs died except one. The surviving animal showed on the 
9th day a sudden improvement in its general condition ; its faeces became pigmented and the urine 
pale. On killing this animal the ligature on the bile duct was found to have become loose, some 
bile escaping into the duodenum. 

Two additional animals served as controls. In these, only sham operations were performed, 
@ loose ligature being placed round the common bile duct. 

Several blood samples from the jugular or saphenous vein were collected from each animal 
during the 5-7 days preceding the operation. After the operation, the collection of blood samples 
was continued at intervals of 1-3 days. All blood ssmples were taken early in the morning before 
the animals had been fed. The estimation of the histamine equivalent was made by the method 
of Barsoum & Gaddum (1935) or its modification by Anrep, Barsoum, Talaat & Wieninger (19392). 
The results are expressed as yg histamine diphosphate per ml. of blood or plasma. Heparin or 


RESULTS 


Control animals. The histamine equivalent of the blood of the two dogs 
serving as controls showed no significant change during the entire period of 
observation which extended for 42 days. In one dog it fluctuated between 
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0-006 and 0-013 »g/ml. and in the other between 0-011 and 0-020 ug/ml. 
About fifteen blood samples were collected and assayed for histamine in each 
of the control animals. 

Operated animals. On the 3rd day after tying the bile duct the histamine 
equivalent began to rise in all seven animals. In four dogs the histamine 
equivalent gradually, and with some fluctuations, reached a maximum on the 
9th-12th day, remained at this level for a few days and then began to decline. 
The animals were at this stage in a poor condition, refusing food and very 
weak. The decline of the histamine equivalent and the deterioration of the 
animals’ condition continued for 3-5 days when all the four dogs died. Even 
on the last day of survival the histamine equivalent of their blood was about 
10 times higher than before the operation. The length of survival of these four 
dogs after operation, ranged between 20 and 24 days. 

030r 
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Fig. 1. Effect of obstruction of the common bile duct on the histamine equivalent of the blood in 
the dog. Abscissse: days; ordinates: histamine equivalent, as diphosphate, in ug/ml. 
Obstruction of the bile duct at arrow. A: dog no. 3, showing a rapid rise of the histamine 
equivalent; B: dog no. 5, showing a slow rise of the histamine equivalent. 


In the 5th operated animal the rise of the histamine equivalent was more 
gradual and the survival time longer. As in the other dogs the rise also began 
on the 3rd day after the operation but the maximum was reached only as late 
as the 26th day. This animal survived for 32 days. Post-mortem inspection 


showed that the common bile duct was securely tied and that no bile was 
entering the duodenum. 


Fig. 1 presents the changes of the histamine equivalent in one of the four 


dogs which showed a rapid rise of the blood histamine and survived for a short 
time, and also the more gradual changes observed in the 5th dog. 
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The increase of the histamine equivalent after occlusion of the bile duct is 
very considerable. The maximum may reach a level 25 to 35 times above that 
before the operation. In the normal dog the histamine activity is approxi- 
mately equally distributed between plasma and corpuscles (Anrep, Barsoum, 

Talaat & Wieninger, 19396). This was not changed by obstruction of the bile 
} ~~ duct, the histamine equivalent of the plasma and of the corpuscles increasing 
after the operation to the same extent. For example, in dog no. 1 the hista- 
mine activity was, before the operation, equivalent to 0-015 yg for the plasma 
and to 0-017 ug for the corpuscles. On the 13th day after the operation it was 


0-32 and 0-28 ug respectively. Similar results were obtained also with the other 
animals. 
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Fig. 2. Ordinates and abscissae as in Fig. 1. Obstruction of bile duct at arrow. A: dog no. 6, 
recovery of the animal as result of loosening of the ligature on the bile duct. B: dog no. 7, after 
the operation the animal was given 0-5 g of bile salts per day by mouth; this did not prevent 
the effect of obstruction of the bile duct on the histamine equivalent of the blood. 

Selective paralysis of the guinea-pig ileum with mepyramine maleate (10-*) 
or diphenhydramine HCl (10-*) reduced the action of the blood extracts by 
the same extent as that of histamine. This serves as additional evidence in 
favour of the active substance being histamine-like in nature. 

The 6th animal, as mentioned above, survived the operation because the 
ligature on the duct became loose. The changes of the histamine equivalent 
of the blood in this dog are shown in Fig. 2. 

It could be suggested that in view of the diminished appetite the increase in = 
the blood histamine might have been due to prolonged starvation. Although 
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no observations are known to support such a suggestion we nevertheless tested 
it on two dogs which were deprived of food, but not of water, for 10 days. No 
increase in the histamine equivalent of their blood could be detected during 
the entire period of starvation. 

In spite of the fact that injection of bile salts into the hepatic circulation 
was found to release histamine from the liver (Anrep et al. 1953), the possibility 
is not excluded in the above experiments that the effect of occlusion of the bile 
duct is not due to a retention of bile by the liver but to a deficiency of it in the 
digestive tract and to the resulting putrefactive changes in the intestine. In 
order to test this possibility the 7th animal was given, after tying the bile duct, 
0-25 g sodium glycotaurocholate, twice daily, by mouth, This animal survived 
for 17 days, its blood histamine increasing in the usual manner (Fig. 2). The 
somewhat shorter period of survival might have been due to the administration 
of bile salts. 

These observations suggest that the increase of the histamine equivalent of 
the systemic blood is due to the retention of bile by the liver with a consequent 
release of the histamine from that organ, and not to the absence of bile from 
the digestive tract. 

SUMMARY 


1. Obstruction of the common bile duct in the dog was followed by a gradual 
increase of the histamine equivalent of the systemic blood. 

2. The histamine equivalent began to rise about 3 days after the operation; 
it reached a maximum between the 9th and the 12th day and then declined 
during the last days of survival. In one of the operated animals the maximum 
was reached on the 26th day. 

3. The histamine equivalent of the blood may reach, after the operation, 
a level 35 times greater than the pre-operation values. 

4. The increase of the histamine equivalent was found to be due to the 
retention of the bile by the liver and not to its exclusion from the intestinal 

‘tract. 
We wish to thank Dr A. Samaan for the help he gave us during the aseptic operations on the 
dogs used in this research. 
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EFFECT OF TEMPERATURE ON THE PASSIVE 
ELECTRICAL PROPERTIES OF THE MUSCLE | 
FIBRE MEMBRANE 


By J. pet CASTILLO any XENIA MACHNE 
From the Department of Physiology, University College, London 
(Received 12 November 1952) 


The electrical constants of different nerve and muscle fibres have been 
measured by several authors (Hodgkin & Rushton, 1946; Katz, 1948; Fatt & 
Katz, 1951; Weidmann, 1951) whose papers should be consulted for theory and 
general experimental procedure. 

The present paper gives the results of experiments made to study the effect 
of temperature changes on the membrane resistance and capacitance of 
striated frog muscle fibres. 


METHODS 


The membrane constants of single fibres of the sartorius muscle of the frog (Rana temporaria) 
were determined using a modification of the technique described by Fatt & Katz (1951). An 
assembly of three microelectrodes has been employed, controlled by a single micrometer drive. 

The muscle was dissected and mounted, deep surface uppermost, in a glass chamber of about 
50 ml. capacity. This was enclosed in a larger container which could be filled with a refrigerating 
mixture. The whole was mounted on a transparent Perspex block lying on another fixed plate. 
A small amount of grease was used to assure adherence between the contacting surfaces and an 
easily controlled sliding motion of the muscle chamber. The chamber and its support were fixed 
to the base plate of a Brown-Schuster myograph, the microelectrodes being attached to a vertical 
micrometer drive connected to the main column, whose vertical adjustment was used for the 
coarse movements. 

Both the intracellular capillary microelectrodes of external tip diameter less than 0-5, and the 
high impedance input stage of the recording system were conventional and similar to those used 
by previous authors, The microelectrodes were first tested individually on a muscle, and only 
those with which an abrupt potential change was seen as their tip crossed the surface membrane 
were selected for further use. Three of such microelectrodes were cemented together in such a way 
that the distance between their tips was from a few yu to 504 between the first (polarizing) and the 
second, and from 0-5 to 1-0 mm between the first and the third. The final adjustment of the tips 
was made under a binocular microscope provided with an eyepiece scale. Special care was taken 
to ensure both: that the thres tips were lined up correctly and that the Inet tapering parts:of the 
capillaries were parallel to one another. 

‘Au shiehd wen placed between the polasising und the recording electrodes 
in order to reduce artifact. In some experiments the polarizing electrode was coated with graphite 
to near the tip. This proved to be a very satisfactory shield, but any leak between the earthed 
graphite coat and the bath solution must be carefully avoided. 
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The electrode assembly was lowered over the muscle, far from the tendons, and the muscle was 
rotated until the axis of the fibres coincided with the line of the electrode tips. When the three 
electrodes were inside the same muscle fibre, the electrotonic potentials at the recording electrodes 
were photographed and the current flowing through the membrane was measured. The resting 
potential was measured at one recording electrode when impaling the fibre and at the other when 
withdrawing it. If the resting potential at any of the recording electrodes was less than 70 mV, 
the measurements were rejected. 

Control experiments were performed using an assembly consisting of three recording electrodes 
and a polarizing one. When the magnitude of the electrotonic potentials recorded in this way were 
plotted on a logarithmic scale against distance, the three points lay on a reasonably straight line. 
The Ringer’s fluid was made up with the following ionic composition expressed in m.mole/1. ; 
Na, 115; K, 2-1; Ca, 1-8; Cl, 120-7. The experiments were performed on summer frogs(August). 


RESULTS 


For the procedure used in determining the membrane constants of the muscle 
fibres with intracellular electrodes the paper by Fatt & Katz (1951) should be 
consulted. Their symbols and nomenclature are adopted here. 

_ By measuring the electrotonic potential at two points along the fibre, the 
length constant (A) was determined. The time constant, 7,, (=,,C,,) was 
obtained by measuring the time of decay to 15% of the electrotonic potential 
at ‘zero distance’. Knowing the current (J) and the voltage at zero distance (V) 
across the fibre membrane, the value of r,, and r; can be calculated, because 
V/I =}, (r,,7;) and A=.,/(r,,/r;). The diameter of the fibre and the specific values 
R,, and C,, were then computed by assuming that the resistivity of the 
myoplasm, at 19° C, is 250 Q em (see Fatt & Katz, 1951; Bozler & Cole, 1935; 
Katz, 1948), and that its Q,, is 1-3, which is that of a 0-36% NaCl solution 
(Hartree & Hill, 1921). | 

Measurements were made on each muscle, first at room temperature (about 
20° C) and then after filling the container surrounding the muscle bath with 
a refrigerating mixture which lowered the temperature of the Ringer’s fluid to 
about 3° C. The temperature was then brought back to the initial level and 
measurements were repeated. 

The results obtained are summarized in Table 1. The effect of the tempera- 
ture change was reversible and the values given for the higher temperatures 
in muscles A and B are the mean from measurements made both at the 
beginning and the end of the experiment. 

The mean values obtained for room temperature are within the range of 
those previously reported by Katz (1948) and Fatt & Katz (1951). The average 
value of R,, obtained in our experiments (2064 cm*) is, however, only about 
half that given by the last authors; seasonal variations might account for this 
difference. The value of r,, is also lower, but the figures obtained for membrane 
capacitance are close to those given by Fatt & Katz (1951). The average 
estimated diameter of the fibres is only slightly lower (129,) than the value 
they obtained (137); this may be due to the fact that we did not selectively 
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use the largest fibres, but with the three-electrode assembly some fibres with 
a diameter below 100 have been impaled. 

The most important difference between the values obtained at high and low 
temperatures is the change in R,,, which increases when the temperature is 
lowered. The mean Q,, of #,,, in the four muscles, is 1-35. This figure differs, 
only slightly from 1-3, a value corresponding to the Q,, of a 0-1 m-KCI solution 
and to that found by Hartree & Hill (1921) for the whole muscle killed by 
chloroform. 


TaBLe 1. Electric constants of muscle fibres (mean values), at two different temperatures, 
derived from ‘square pulse analysis’ 


obser- Temp. Te value) ‘d’ Q 
Muscle vations (°C) (mm) ) (msec) (Qem) (Qem*) (uF/em"*) 

A 8 196 179 1520 21 247 «#4139 «2415 8-7 1390 108 
6 33 2056 2913 31 370 123 4193 16 

B 6 200 164 1920 # «28 244 #4115 2323 120 131. 110 
7 424 1-77 2166 #33 ##$§.$70 £4148 3555 10-1* 

4 221 1538 1740 19 230 135 1-08 
7 204 163 2567 33 390 129 3415 9-7 

D 4 24-1 4141 «#1490 19 220 116 1628 11-7 188 1-02 
7 118 183 2012 35 390 153 3410 113 


* Values obtained from four observations only. 


The membrane capacitance seems to decrease slightly when the temperature 
is lowered, its average Q,, being 1-05. 


DISCUSSION 


As indicated, the influence of temperature on the transverse resistance of the 
muscle membrane does not differ significantly from that on the conductivity 
of a salt solution of about the same ionic concentration as that normally 
surrounding the muscle fibres. This suggests that no high energy of activation 
is involved in the ionic transfer, at least as measured under the present 
experimental conditions. It is unlikely that an opposite change in the mem- 
brane would take place, so as to balance a high temperature coefficient of ionic 
transfer. Furthermore, these experiments provide no evidence for a chemical 
participation in the ionic transfer process. 

The value of 1-35 obtained for the Q,, of R,,, agrees with the observations by 
Eccles, Katz & Kuffler (1941) on the effect of temperature on the time course 
of the end-plate potential in frog’s muscle. Whereas the rising phase of the 
end-plate potential is lengthened nearly three times by a 10° C lowering of the 
temperature, the time course of its decay has a Qj. of 1-3. This was considered 
as favouring the view that the decay of the end-plate potential is mainly due 
to a passive dissipation of electrotonic charge along and across the muscle 
membrane, a suggestion which is supported by the present bttsnsion 
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The Q,, of 1-05 obtained for C,, seems to indicate that the membrane 
capacitance is directly proportional to the absolute temperature (Qj. = 1-036 
between 0 and 20° C). The measured change of capacity is, however, small, and 
although it is statistically significant it might possibly be due to an unidenti- 
fied systematic error. 

SUMMARY 

1. The transverse membrane resistance of frog striated muscle has been 
found to rise with a Q,, of 1-35 when the temperature is lowered from about 
20 to 3° C. 

2. The membrane capacitance decreased slightly when lowering temperature 
(Q19 = 1-05). 


Our thanks are due to Prof. B. Katz for helpful advice and to Mr P. M. G. Bell for technical 
assistance. 
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CHOLINESTERASE IN THE RETINA 


By ©. M. FRANCIS 
From the Physiological Laboratory, University of Cambridge 
(Received 1 December 1952) 


The retina represents an outlying portion of the brain itself. During onto- 
genesis, it arises as a protrusion from the prosencephalon or the anterior 
portion of the cerebrum and, being a constituent part of the brain, presents 
the same anatomical and physiological problems as does the central nervous 
system elsewhere. The more or less complete spacial separation of the synapses 
from the cell bodies makes this material eminently suitable for finding out 
whether a known biochemical constituent is located in the cell bodies, axons, 
dendrites or at the synapses and the information so obtained may be applic- 
able to other parts of the nervous system, where the cell bodies and the 
synapses are all too intimately mingled for a proper analysis. 

Koelle & Friedenwald (1950) considered on histochemical grounds the 
bipolar cell layer to be the site of cholinesterase activity in the retina. This was 
diametrically opposed to the earlier findings of Anfinsen (1944), who, using 
a microchemical method on sections with histological controls, found the 
enzyme most abundantly in sections containing the synaptic layers, with very 
little in the sections containing mostly the nuclear layers. While the method 
of Anfinsen cannot be expected to give accurate information regarding the 
finer details of localization, the pitfalls of histochemistry are sometimes greater. 
Koelle (1951) has subsequently modified his own method in such a way as to — 
minimize the artifacts due to diffusion and adsorption, but no further report 
on the retina seems to have been made. This newer method of Koelle has been 
used here with some modifications, on a number of species, and the results 

obtained are significantly different from those first reported by Koelle. 


METHOD 
The eye-balls of pig, sheep, rabbit, rat, guinea-pig, pigeon, chick, minnow and frog are removed 
immediately on the death of the animal and immersed in ice-cold isotonic sodium chloride solu- 
tion. Further procedures are carried out in this solution as quickly as possible. The eye-ball is 
opened by a circular cut a little behind the sclero-corneal junction and the retina detached care- 
fully from the sclera. It is cut into narrow strips and transferred to a 25% solution of sodium 
sulphate for 5 min to precipitate the cholinesterase in situ; it is then put into the incubating 
28-2 
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solution containing acetylthiocholine for a period ranging from 10 min to 2 hr. pH Values for the 
incubating fluid ranging from 6-0 to 8-0 were tried, using maleate-tris(hydroxymethyl)-amino- 
methane, prepared according to Gomori (1946) as the buffering reagent. Some strips of retina 
are kept in a diisopropylfluorophosphonate (DFP) solution (10~’, 10-* or 10-*m) before incubating 
with acetylthiocholine. 

After the appropriate incubation period, the tissues are passed through descending strengths of 


_ sodium sulphate into distilled water, all saturated with copper thiocholine and then placed in 


a freshly prepared dilute solution of ammonium sulphide, saturated with copper sulphide, for 
30 sec. They are then rinsed briefly in distilled water, fixed overnight in 10% formalin saturated 
with copper sulphide, dehydrated through ascending grades of alcohol, cleared in cedarwood oil 
and embedded in paraffin; sections are cut at 74 and counterstained as desired. 


RESULTS 
In all animals tested, except for the frog, cholinesterase activity is seen in the 


inner synaptic layer, i.e. between the bipolar cells and the ganglion cells. In 


the frog, no reaction has so far been seen anywhere in the retina. The optimum 
period of incubation was 20 min for the cat, 30 min for the pig, sheep and rabbit, 
45 min for the pigeon and chick and 60 min for the guinea-pig, rat and minnow. 
A pH of 6-0 was found to be most satisfactory for the incubating fluid, artifacts 
due to diffusion appearing with higher values. Both phosphate and maleate 
buffers were found to be not as suitable as the maleate-tris(hydroxymethy]) 
buffer used in the present experiments. The distribution of the deposit in the 
synaptic layer is characteristic of each animal. It may be uniformly dense 
throughout the layer as in the guinea-pig and cat (Pl. 1B, Pl. 2A), or may be 
seen as bands (4 or 5) of more intense reaction, as in the chick and the pigeon 
(Pl. 1A). In the minnow (Pl. 2B) and sheep retinae, some deposit could be 
seen in the outer synaptic layer also, though much less dense than in the inner; 
in the sheep (Pl. 1C) and rabbit retinae, a few cells at the inner edge of the 
bipolar cell layer show the deposit. If the incubation period is prolonged much 
more (3-4 hr), then irregular precipitate could be seen ‘in and around’ the 
bipolar cells and also in the outer synaptic layer. 

Incubation with 10-’m-DFP for 30 min before incubation with acetyl- 
thiocholine had no effect on the reaction. With 10-*m, there was a slight 
reduction in the precipitate. No deposit could be seen with 10-°m-DFP 
(Pl. 1D). These results were obtained with sheep retina. 


DISCUSSION 

When proper precautions are taken in the histochemical method of localization 
of cholinesterase and the incubation period reduced as much as possible, the 
artifacts due to diffusion and adsorption can be minimized. Adequate 
buffering, maintaining the pH value at 6-0 throughout the incubation, is 

essential. Even with the present method, with prolonged i incubation, a precipi- 
tate appears in the bipolar cell layer as also in the outer synaptic layer. 
Whether these are due to diffusion of the products of enzymic activity and of 
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the precipitate or whether there really are small amounts of cholinesterase at 
these sites, able to produce an appreciable amount of precipitate only after 
much longer incubation, it is difficult to say. The former is the more likely 
cause, especially as the precipitate in the inner synaptic layer tends to reach 
a maximum within a much shorter interval and then gets less dense. The 
present results are in agreement with Anfinsen’s findings inasmuch as the 
inner synaptic layer contains the enzyme, but they are against his assumption 
that both synaptic layers contain equal amounts of it. This assumption is 
unwarranted even by his own figures, which show much more enzyme in the 
inner synaptic layer (both total and per mg of tissue). Anfinsen used cattle 
retina and it may be significant that the sheep retina, unlike most others, 
shows some activity in the outer synaptic layer also. 

The observations with DFP show that the enzyme is wholly or mainly true 
cholinesterase. This is as to be expected in an organ which is part of the 
brain, where only small amounts of the pseudo-cholinesterase are found 
(Ord & Thompson, 1950). 

The optimum periods of incubation showed a marked difference between 
the various species examined. This may be due merely to differences in pene- 
trability and other physical phenomena in the different retinae or there may 
be a genuine difference between the amounts of cholinesterase present in them. 
The fact that the same difference is seen when frozen sections are used instead 
of strips of retina, probably means that there are real differences in the 
quantity of enzyme present in the retinae of different species. The failure of 
frog retina to show the precipitate is probably because of insufficient enzyme 
in the retina of this animal. The other alternative is that the method as used 
is, for some reason, unsuitable for this material. 

The presence of the enzyme in the inner synaptic layer would indicate that 
the transmission across the synapses between the bipolar cells and the ganglion 
cells is mediated by acetylcholine. As the propagation of the impulse is from 
bipolar cells to ganglion cells, the bipolar cells with their nerve fibres must 
be regarded as cholinergic neurones, as concluded from other evidence by 
Feldberg (1950), Feldberg & Vogt (1948) and Feldberg, Harris & Lin (1951). 
Except for the small amounts found in the sheep and minnow retina, the outer 
synaptic layer shows no cholinesterase activity and, if this finding is proved 
to be correct, then, the transmission across this synapse must, as also assumed 
by Feldberg et al. (1951), be mediated by some other means than by acetyl- 
choline. 

The distribution of the precipitate in the inner synaptic layer shows a very 
interesting feature. In the pigeon and chick retinae, the synapses between the 
bipolars and ganglion cells occur in definite layers (the amacrine cells also have 
their synapses in these layers) giving rise to a lamination of the inner synaptic 
layer, and the deposit itself shows the same sort of layering. In the guinea-pig 


‘ 
1 
{ 
‘ 
4 
4 


438 C. M. FRANCIS 


or cat, no such layering can be seen in silver preparations and the synapses 
occur without visible order throughout this layer; the precipitate is distributed 
uniformly in this layer. This may explain why in the sheep and rabbit retinae, 
some cells at the inner edge of the bipolar cell layer show the precipitate; the 
synapses may be very close to these cell bodies. The significance of these 
observations is that the enzyme is only present in quantities large enough to 
produce appreciable precipitate at the synapses, i.e. among the finer cell 
processes, with little or insufficient amounts in the cell bodies, main dendrites 
or axons, 


SUMMARY 

1. The histochemical method of Koelle has been used to localize cholin- 
esterase in the retina. 

2. Demonstrable cholinesterase activity is present only at the synapses; 
it is found in the inner synaptic layer of the retina in all the animals examined, 
except the frog. 

3. No activity is seen in any other layer of the retina except in the sheep 
and minnow, where a precipitate appears in the outer synaptic layer and in 
the sheep and rabbit, where a few cells of the bipolar cells are een for the 
enzyme. 

4. The enzyme is the true cholinesterase. 


I am deeply grateful to Dr E. N. 
Dr B. ©, Saunders, Chemical Laboratory, Cambeidge, for the DEP and to Commercial Solvents 
Corporation, New York, for a gift of tris(hydroxymethyl) 
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EXPLANATION OF PLATES 


Photomicrographs showing site of cholinesterase activity in the retina; tissue counterstained 
with toluidin blue and photographed through a blue filter x 400 (approx.). a, outer nuclear 
layer; b, outer synaptic layer; c, bipolar cell layer; d, inner synaptic layer; ¢, ganglion cell 
layer. 
| 
A. Chick retina incubated with acetylthiocholine for 45min. Note the distribution of the 

in bands in the inner synaptic layer. 

B. Guinea-pig retina incubated for 60 min. Diffuse precipitate seen in the inner synaptic layer. 
C. Sheep retina incubated with acetylthiocholine for 30 min, showing the precipitate in the inner 
synaptic layer. A few cells at the inner edge of the bipolar cell layer show the precipitate. 
The staining in the outer synaptic layer is not brought out in this photograph. 

D. Sheep retina incubated with DFP (10~*m) for 30 min before the usual incubation with acetyl- 
thiocholine. No precipitate is seen in the retina. 


PLaTE 2 

A. Cat retina: incubation period 20 min. Dense diffuse precipitate is seen in the inner synaptic 
layer. 

B. Minnow retina: incubation period 60 min. The precipitate is seen in both synaptic layers, 

though much more marked in the inner synaptic layer. 
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THE EFFECT OF A CHOLINE-DEFICIENT DIET 
UPON THE LEVEL OF FREE CHOLINE 
IN PLASMA OF THE RAT 


By JOHN BLIGH* 
From the Department of Physiology, University College, London 
(Received 29 December 1952) 


It has recently been shown that the level of free choline in plasma is surprisingly 
low and constant, being 1-2 yg/ml. in man, with similar values for the cat and 
dog (Bligh, 1952), and it would seem unlikely that the plasma choline ever 
rises far above this level (Bligh, 1953). This constant level is of possible physio- 
logical significance, and could be related to the local synthesis of acetylcholine 
at or near the cholinergic synapses throughout the body. If this were so, it 
might be expected that a reduction in the level of plasma choline would result 
in a detectable disturbance in neuromuscular transmission. Solandt & Best 
(1939) have reported deficient vagus function in the rat maintained on a diet 
poor in choline, although Li (1941) could find no significant alteration in 
neuromuscular transmission and no diminution in the acetylcholine content of 
the nerve trunk in rats on a choline-deficient diet for 1-5 months. It would be 
of interest, therefore, to know what happens to the level of free choline in the 
plasma when the dietary intake of choline is inadequate. The results of an 
experiment designed to give this information are reported here. 


METHODS 


A batch of approximately 2-month-old albino rats, thirty of each sex, were divided into three 
groups, each containing ten males and ten females, the sexes being kept separate. Group A 
received the normal rat diet in use in this laboratory; group B received the choline-deficient diet 
given below, and group C received this last diet with the addition of 0-2% choline chloride. 
Groups B and C were given one drop weekly of a 1 : 10 dilution of ‘Radiostoleum’ (a B.D.H. 
preparation of vitamins A and D) in olive oil. Food intake was unrestricted, and was not recorded. 

The choline-deficient diet, a modification of that used by Emerson, Zamecnick & Nathanson 
(1951), was as follows: 


Casein (alcohol extracted) 10g Pyridoxine HCl 0-2 mg 
*Pure’ lard 20 g Nicotinamide 2-5 mg 
Commercial sucrose 65 g Ca pantothenate 1-5 mg 
Salt mixture (Webster, 1942) 5g Riboflavine 0-4 mg 
Thiamine 0-2 mg Cystine 40-0 mg 


* Present address: The Hannah Dairy Research Institute, Ayr, Scotland 
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Samples of the diet were hydrolysed by boiling for 6 hr in 5 x-HCl, and the total choline content 
of the diet determined. This was found to be about 20 yg/mg. The average dietary intake of the 
rats was less than 20 g/rat/day, so the intake of choline was less than 0-4 mg/rat/day. 

The rate were killed after 16 weeks on the diet. Blood samples were collected, and the con- 
centration of free choline in the plasma was determined by the method previously described 
(Bligh, 1952). The livers were removed immediately after death, and weighed. The total fat content 
of the livers was determined by a method similar to that of Boyd (1938): the liver was ground up 
in a small volume of 95 % aleohol, which was then made up to 200 ml. with a mixture of 3 vol. 95% 
alcohol and 1 vol. diethyl ether, and shaken vigorously for 5-10 min. The flasks were gently 
warmed with occasional shaking on an electrically heated sand bath for 30 min and their contents 
were then filtered into beakers of known weight, the residue on the filter-papers being washed with 
50 ml. of warm alcohol/ether solvent. The total filtrates were evaporated on a water-bath at 
70° C under an electric fan, until none of the solvent remained. The beakers were then re-weighed 
and the ‘fat’ contents of the livers were calculated. For the purpose of this investigation, the 
total materials removed from the liver by the solvent are defined as ‘fat’. 


RESULTS 
The male rats on the choline-deficient diet ate one of their number during the 
13th week of the experiment. The first estimations of the fat content of the 
livers indicated that the male rats on this diet had not developed markedly 
fatty livers as had the females. This could be related to the incident of canni- 
balism, and it was therefore decided to eliminate all the male rats from the 
investigation. 

The fat content of the livers was found to average.7-1°% in the rats on the 
normal laboratory diet (group A), 7-4% im the rats on the choline-deficient 
diet augmented with choline chloride (group C), but 31-7 °% in the rats on the 
choline-deficient diet alone (group B). This increased proportion of fat in the 
livers of group B could not be attributed to a decrease in liver mass, since there 
was & similar difference in the actual fat contents of the livers, and it was clear 
that the diet had resulted in the accumulation of a large quantity of fat in the 
liver, which could be prevented by the addition of choline to the diet. A histo- 
logical examination showed that the normal liver tissue had been almost 
entirely replaced by large fat cells in the rats on the choline-deficient diet. 
There was only a small number of fat cells around the blood vessels in the 
livers of the rats on diet augmented with choline, and practically no demon- 
strable fat in the livers of the rats maintained on the normal laboratory diet. 

The average quantities of free choline in the blood plasma of the rats in 
groups A-C were 1-6, 0-8 and 2-1 ug/ml. respectively, showing that the effect 
of a prolonged dietary deficiency of choline was to reduce the level of plasma 
choline to approximately half of that normally present. 

Details of these results are given in Tables 1-3. 


DISCUSSION 
Assuming the adequacy and specificity of the assay method employed, it 
appears that the level of plasma choline in rats became reduced to about half 
its normal value when a choline-deficient diet was fed for four months. 
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Tasiz 1. Female rate on a normal laboratory diet 


Body wt. Liver wt. 
at Liver fat Plasma 
of expt. killed of —— choline 
Rat no. (g) (g) (g) wt. (g) % (ug/ml.) 
I 167 227 7-30 3-46 056 7:20 1-9 
2 158 195 5-75 2-95 0-43 7-48 1-5 
3 146 215 8-87 413 0-63 7-12 1-7 
4 165 237 7-80 3-29 0-57 7-05 1-9 
5 139 3-52 0-59 6-25 1-4 
6 110 179 6-40 3-59 0-48 7-58 13 
7 173 245 8-33 3-40 065 7-74 1-7 
8 191 287 10-26 3-54 0-66 6-40 13 
Means 156 232 8-08 3-49 067 71 1-6 


Body wt. Body wt. Liver wt. 
at start — A . Liver fat Plasma 
of expt. killed r A ‘ choline 
Rat no. (g) (g) (g) ody wt. (g) % (»g/ml.) 
1 183 193 12-60 6-54 3-39 26-9 1-1 
2 149 166 13-10 7-90 4-40 33-6 10 
138 148 11-49 777 4-27 37-1 0-8 
4 131 172 16-73 9-73 3-70 22-1 0-7 
5 144 162 14-35 4-80 33-6 0-8 
6 145 156 9-12 5-85 2-32 25-4 0-8 
7 177 170 12:14 7-15 4-27 35-1 0-9 
s] 151 162 11-25 6-95 4-48 39-7 0-6 
Means 152 166 12-60 7-60 3-95 31-7 0-8 


Tasiz 3. Female rats on the choline-deficient diet with choline chloride added 


Body wt. Liver wt. 
start A —, Liver fat Plasma 
of expt. killed % of A choline 
Rat no. (g) (g) (g) body wt. (g) % (ug/mil.) 
1 178 213 7-58 3-56 0-75 9-90 2-5 
2 149 181 3-67 0-41 6-17 2-6 
3 179 248 11-13 4:49 0-63 5-75 18 
4 203 231 7 2-93 0-56 7-09 2-1 
5 162 241 413 0-73 7134 2-4 
6 159 193 7-67 3-98 0-60 7-76 19 
7 177 227 9-90 4°36 0-80 8-08 1-7 
168 200 8-55 4-28 0-63 7-38 2-0 
Means 172 217 8-67 3-92 0-64 7-43 2-1 


Evidence for the biosynthesis of choline in the rat has been reviewed by 
Lucas & Best (1943) and has been shown to proceed without hindrance even 
when signs of choline deficiency are present. The choice of the rat for this 
experiment might therefore seem unfortunate, and the failure by Li (1941) 
to demonstrate neuromuscular dysfunction in choline-deficient rats could be 
attributed to this synthesis. However, it is shown here that the choline- 
deficient diet not only resulted in the accumulation of large quantities of fat 
in the liver, but also led to a substantial fall in the level of free choline in the 
plasma, both of which conditions could be prevented by the addition of choline 
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chloride to the diet. Thus any synthesis of choline which occurred was 
inadequate to maintain the normal level of plasma choline. 

The addition of cystine to the choline-deficient diet follows the observation 
by Beeston & Channon (1936) that it increases the liver fat and need of choline 
for biological synthesis, and it has been suggested that its inclusion increases 
the demand for lipotropic factors by raising the metabolic level (Lucas & Best, 
1943). However, Stetten & Grail (1942) state that the phospholipids of fatty 
livers caused by giving cystine differ in composition from those due to choline 
deficiency; the former leading to deposition of extra lecithin, and the latter 
to the loss of lecithin. The justification for the addition of cystine to the diet 
to enhance the effects of choline deficiency, is thus in some doubt, and had 
there been no change in the level of free choline in the plasma, the accumula- 
tion of fat in the liver might not have been sufficient evidence of an adequate 
deficiency of dietary choline. In this experiment, however, the question did 
not arise. 

Although the free choline in plasma fell to half the normal level in these rats 
yet there were no obvious symptoms of muscular weakness or paralysis. Such 
symptoms might develop in an extended experiment, but hepatic failure 
would possibly intervene. Little is known of the source of the choline radicle 
employed in the synthesis of acetylcholine in vivo, and it cannot be assumed 
that the free choline in plasma fulfils this role, since Brown & Feldberg (1936) 
found that with prolonged stimulation of the preganglionic fibres, the output 
of acetylcholine from the superior cervical ganglion of the cat, perfused with 
oxygenated and eserinized Locke’s solution, continued at a steady low level, 
although there was no significant alteration in the amount of acetylcholine or 
choline extractable from the ganglion. This does not necessarily eliminate the 
possibility of the normal use of plasma choline in the synthesis of acetylcholine, 
for these workers also observed in some cases an increased output of acetyl- 
choline when choline was added to the perfusion fluid, and it may be that in 
the absence of free choline, locally bound choline, abundantly present in 
nervous tissue, can be made available. If this were so, it is not surprising that 
no immediate neuromuscular dysfunction becomes evident when the plasma 
choline level falls to half its normal value. 

The results given here leave much room for speculation and suggest many 
further experiments, but it is not possible for these studies to be continued by 
the author. It is of interest to note that no reduction in the level of plasma 
choline was found in cases of human liver diseases, including cirrhosis (Bligh, 
1953), and this may indicate that none of these conditions involved choline 
deficiency as such. 
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SUMMARY 


1. Rats were maintained on a choline-deficient diet for 4 months; this led 
to considerable accumulation of fat in the livers. The rats were then killed, and 
estimations made of the level of plasma choline. 

2. The normal level of free choline in plasma of rats. was found to be between 
1-3 and 1-9 xg/ml., while in those rats on the choline-deficient diet, the level 
had fallen to between 0-6 and 1-1 pg/ml. 


This work has been carried out during the tenure of an award from the Agricultural Research 
Council, who also defrayed the cost of the experiment, and to whom I express my sincere gratitude. 
My thanks also go to Mr J. Pe et ee 
Mr J. W. C. Davis for his care of the animals. 
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AMINE OXIDASE IN THE EARTHWORM 


By H. BLASCHKO anp JEAN M. HIMMS 


From the Department of Pharmacology, 
University of Ozford 


(Received 29 December 1952) 


There are many indications which connect the removal of sympathomimetic 
amines with amine oxidase. All vertebrates contain adrenaline or related — 
substances, and they also contain amine oxidase. 

Chromaffine tissue also occurs in annelid worms (Poll & Sommer, 1903). 
In these animals the chromaffine reaction is given by ganglion cells (Poll, 
1908; J. F. Gaskell, 1914). The importance of this observation was clearly 
recognized by W. H. Gaskell (1916); he discussed the possibility that adren- 
aline reaches the effector organ by passing down the nerve. That the active 
material in annelids was adrenaline-like, was first established by Biedl (1912); 
it appears to contain adrenaline (J. F. Gaskell, 1919; Bacq & Godeaux, 1947); 
in extracts from Lumbricus terrestris a noradrenaline-like action has also been 
observed (von Euler, 1950). 

In the earthworm, adrenaline causes inhibition of the gut (Wu, 1939), and 
Millott (1943¢, 6) thinks it likely that the antagonistic innervation of the 
intestinal musculature resembles that of the vertebrate pattern with adre- 
nergic fibres supplying the inhibitory impulses. 

Amine oxidase has been looked for but not found in preparations from the 
earthworm (Blaschko, Richter & Schlossmann, 1937). In these experiments, 
whole worms were ground up in sand and the supernatant was examined. 
Since the musculature of the body wall which is cholinergic makes a large 
contribution to the total body weight of the animals, it seemed to us worth 
while to dissect out the gut and to study its enzyme content. : 


MATERIAL AND METHODS 


Specimens of Lwmbricus terrestris were kept in sand for several days and then transferred to moss. 
In this way one gets specimens uncontaminated with earth and coarse particles. The gut was 
dissected out from a number of animals. The tissues were frozen on to a mortar at — 10° and then 
thawed and thoroughly ground. The ground tissue was suspended in 0-067 m-sodium phosphate 
buffer of pH 7-4. In the manometric experiments the total amount of fluid was 2-0 ml. ; the tissue 
and any additions were suspended in 1-6 ml. in the main compartment and 0-4 ml. of 0-05™ 
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amine hydrochloride in the side bulb. The centre well usually contained 0-3 ml. x-KOH. The 
experiments were carried out at room temperature in an atmosphere of oxygen. 


EXPERIMENTS 


Homogenates of gut showed an oxygen uptake in the presence of amines. 
Two amines were most frequently used as substrates: tyramine and iso- 
amylamine. The experiments with these two amines are set out in Table 1. 
There is one difference between this preparation and those from mammalian 
tissues: isoamylamine is oxidized more rapidly than tyramine by the earth- 
worm homogenates. 


T Amine activity in the earthworm activity expressed in 


per 

Homogenate§ T: flask With With 

no. (mg) tyramine isoamylamine 

22 333 26-5 

2 24 800 12-7 22-2 

3 22 535 5-8 12-3 

4a 19-5 333 — 30-5 

4b 19 300 — 34-7 

5a 23 333 13-8 22-8 

5b 23 333 13-2 28-8 


Homogenates 4 and 5 were each tested in two manometric experiments. 


In the dissection of the gut the contents were removed, as far as this is 
possible, in order to make sure that the oxygen uptake observed was not due 
to an activity of the gut contents. In one experiment a homogenate of these 
contents was also examined, but it showed no amine oxidase activity. In 
Expt. 2, we also prepared a homogenate of the remainder of the worm after 
removal of the gut. This showed very little activity: the go, with tyramine 
as substrate was 1-1, and with isoamylamine it was 4-9. This activity is 
barely outside the limits of experimental error; that it is real is supported by 
the observation that the qualitative test of Florence & Schapira (1945) was 
positive. We also prepared a homogenate of the nerve cord; it was without 
activity, but only a very small amount of tissue, 60 mg per flask, was avail- 
able, and this negative result is therefore not certain. 

We have also examined a few aliphatic monoamines with a homogenate of 
earthworm gut. In each manometer flask we used an equivalent of 333 mg 


of gut. The temperature was 25°C. In this experiment the oxygen uptakes 
in the first half-hour were: 


Substrate pl. O, pl. 0, 
Methylamine “105 “tes 
165 


n-Propylamine -—12+5 n-Decylamine - 8 
Bubylamine -15 - 8 


2-Amylamine 26 


2 
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This shows that there was no significant oxidation of the short-chain and 
the long-chain members of the series, but the amines with 4, 5, 6, 7 and 
8 carbon atoms were oxidized by the gut homogenate. In another experiment 
-phenylethylamine was also slowly oxidized. In Expt. 46, the oxygen 
uptake with ssoamylamine as substrate was almost completely abolished in 
the presence of 0-01 m-phenylisopropylamine. 

Two experiments were ied out in which the oxygen uptakes in the 
presence and absence of mM-KON were compared. With isoamylamine as 
substrate there was no inhibition by cyanide in one experiment and a reduction 
to about one-half in the other. Tyramine was used as substrate in one of the 
two experiments; its oxidation was reduced to about one-half in KCN. Semi- 
carbazide in 10-*m concentration did not significantly affect the rate of 
oxidation of isoamylamine, but the oxidation of tyramine was somewhat 
slowed down. 

We have examined one other oligochaete species, the medicinal leech. 
According to J. F. Gaskell (1914), the musculature of the lateral blood vessels is 
sensitive to adrenaline (see also Kibiakov, 1950). We have not been able to 
demonstrate any amine oxidase activity in the tissues of this species, but of 
the lateral vessels too little material was available for a manometric experi- 
ment, and only the test of Florence & Schapira (1945) was carried out, with 
negative result. In one polychaete species, Arenicola marina, in which 
adrenaline has both inhibitory and excitatory actions (Wells, 1937), no 
evidence for the occurrence of amine oxidase was obtained. 


DISCUSSION 


Our experiments establish the presence in the earthworm gut of a catalyst 
of the amine oxidase type. The earthworm oxidase is characterized by the 
relatively high rate of oxidation of isoamylamine as compared with that of 
tyramine. This may be due to the presence of a catalyst with a substrate 
specificity pattern slightly differing from that of the vertebrate enzymes, or, 
if we follow Werle & Roewer (1952) who believe that aliphatic amines are 
oxidized by a catalyst different from that which acts upon tyramine, it may 
be explained by a preponderance of the aliphatic amine oxidase over the 
enzyme that acts on tyramine. 

The failure in earlier experiments to demonstrate the occurrence of amine 
oxidase in the earthworm can easily be understood. It is partly due to the 
use of less efficient methods of extraction, but mainly to the dilution of the 
active tissue by large amounts of enzymatically inert material. 

Our findings are of more general interest for two reasons: first, they show 
that in this species amine oxidase occurs in the tissue that is adrenergically 
innervated and, secondly, they establish the occurrence of the enzyme in 
a phylum in which it had so far not been demonstrated. - 
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SUMMARY 
Homogenates of earthworm gut oxidize tyramine and isoamylamine; this 
suggests that the tissue contains amine oxidase. 
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ON THE NEGATIVE INOTROPIC EFFECT IN THE 
CAT'S AURICLE 


By A. 8. V. BURGEN anp KATHLEEN G. TERROUX 
From the Department of Physiology, McGill University, Montreal, 
Canada 


(Received 30 April 1952) 


The first report of the effect of vagus stimulation on the electrical activity of 
the heart was that of Gaskell (1887), who found that the demarcation potential 
in the arrested turtle auricle was increased during stimulation of the vagus. 
Subsequently, other workers (Samojloff, 1914; Hofmann, 1920; Lueken & 
Schutz, 1938) showed that the action potential was decreased both in duration 
and amplitude during vagus stimulation. Mines (1914) reported that the 
effect of locally applied muscarine produced changes in the electrocardio- 
gram only at the site of application, indicating a direct action on the cardiac 


muscle, independent of any effect on the heart rate or of activation of ganglion 
cells, 


_ An elucidation of the nature of the inhibitory effects of the vagus on 
auricular muscle besides its intrinsic interest may lead to a new approach to 
two other problems: first, the process of inhibition at a peripheral site may be 
duplicated at synapses in the central nervous system; and secondly, the 
negative inotropic effect on the auricle shows evidence of a graded control of 
the contractile force in the presence of a propagated electrical response, thus 
providing a system in which analysis of the electromechanical coupling 
between the action potential and the contractile response is possible. 

The use of intracellular glass microelectrodes in single fibres has made 
possible a more detailed examination of the electrical responses than is possible 
from the electrocardiogram. From the results obtained with the single fibre 
technique, and from simultaneous records of contraction tension in small 
groups of muscle fibres, an attempt is made in this paper to analyse the 
correlation between the electrical and mechanical responses of the auricle. 
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METHODS 


Recordings of the resting and action potentials of single muscle fibres of the cat auricle were made 
using methods already described (Burgen & Terroux, 1953). Records from the turtle auricle were 
made on the isolated auricle suspended in Ringer’s solution at room temperature, using a focal 
suction electrode (Wiggers, 1937) and a diffuse electrode in the bath. The output was led through 
@ push-pull cathode follower and d.c. amplifier to the recording galvanometer of a Sanborn 
cardiette. 

Strength-duration curves were determined using condenser discharges. The potentiometer was 
calibrated with a vacuum tube voltmeter having a scale accuracy of +3%. Strips of auricle were 
mounted in an oxygenated moist chamber during the determinations. Between runs they were 
soaked in oxygenated Ringer-Locke or the appropriate test solution. The stimulating electrodes 
were chiorided silver wires placed about 5 mm apart on the muscle. Threshold was taken to be 
the strength of stimulus at which 50% of the stimuli produced a propagated electrical response. 
The temperatures in these experiments varied between 23 and 26° C. 

Records of twitch tension were made using the RCA 5734 triode electromechanical transducer. 
To minimize disturbance of the resulting oscilloscope records by stray vibration, the transducer 
actuating arm was damped with an oil cup; no appreciable lag in recording was introduced. For 
these experiments small triangular strips were cut from the left auricular appendage following the 
lines of the trabeculae, a thread tied to the apex of the strip to connect it to the transducer arm, 
and the base of the strip fixed. Stimulating platinum electrodes insulated except at the tips were 
dipped into the Ringer bath with their tips about 0-5 mm above the muscle, usually near its 
fixed base. Since the initial length of auricular muscle is indeterminate, the resting tension of the 
muscle was adjusted by trial and error to that giving the greatest twitch tension on stimulation. 

Recovery curves were determined on strips of muscle using the transducer to record the 
mechanical responses. The threshold for the muscle strip was determined at the beginning of each 
experiment, using pulses of § msec duration from an electronic square wave stimulator. Stimuli 
of constant voltage and of slightly greater strength than the threshold were used to drive the 
auricle at constant rate throughout the experiment. Stimuli of the same duration were thrown 
in at predetermined delays after the driving stimulus in every fourth or fifth cycle, using the same 
pair of stimulating electrodes as for the driving stimuli. 

Conduction rates were measured by finding the time interval between the arrival of the action 
potential at two pairs of platinum electrodes, the electrodes of each pair separated by 1 mm and 
insulated to the tips. The inputs from the two pairs of electrodes were fed into two identical 
R-C amplifiers and the two beams of a Cossor oscilloscope. Extreme difficulty was found in 
obtaining reliable records with the pick-up electrodes on the endocardial surface of the auricle. 
With the electrodes on the epicardial surface, potentials greater in voltage and of very constant 
shape over a considerable time were easily recorded. Throughout the experiments the auricles 
were driven at a constant rate through a third electrode pair. Several conduction velocity 
experiments were carried out at 23-25° C, and one at 33-5° C. 

Acetylcholine chloride and carbamylcholine chloride were made up in 1% solution, and 
atropine sulphate in 0-5% solution. These stock solutions were kept in a refrigerator, and the 
necessary dilutions made up freshly for each experiment. 

Unless otherwise stated in the reports of the results, experiments were carried out at 37° C. 

Acetylcholine was used in the initial experiments, but because of its rapid breakdown by 
tissue cholinesterase it was found difficult to maintain a stable acetylcholine effect. For this 
reason carbamylcholine, which is not hydrolysed by cholinesterase, and whose effects therefore 
remain stable over a longer time, was used in most of the later experiments. The effects of 
earbamylcholine (CCh) and acetylcholine (ACh) are qualitatively identical, but differ quantita- 
tively. We have found, as did Webb (1950), that ACh is effective at lower concentrations than 
CCh, but the slope of the dose-response curve for ACh is much less steep. The effects of OCh, like 


Fee OF ACh, are reversible on washing out, or on exposing the auricle to suitable concentrations 
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RESULTS 
Effect of ACh and CCh on the resting potential 
The resting potential of the cat auricle is consistently increased by moderate 
concentrations of ACh (above 0-01 ug/ml.) and CCh (above 0-1 yg/ml.). In 
none of the eleven experiments, each on a different heart, did this increase 
fail to occur whether the heart was beating spontaneously, driven at a 
constant rate, or arrested. Since the maximum increase in mean resting 


Tasxe 1. Effect of carbamylcholine on the resting potential 


Difference between B.P 
carbamyiohol in in atropine 15 pg/ml. 


after carbamylcholine, 
Date ml. and initial 2.?. 
(mV) 
29. i. 51 + 14-1 (34)* 
12. ii. 51 (77) -1-9 ( 
13. ii. 51 + 8-6 (48) —3-0 (41) 
13. iii. 51 + 10-2 (33) 
19. iii. 51 + 42 (40) _ 
21. iii. 51 + 63 (25) ‘eal 
Mean + 8.5. + 9354167 mV -25 mV 


* Number of fibres measured for each value. 
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(jag/mi.) (ug/mi.) 


Fig. 1. Change of resting potential with concentration of carbamylcholine. 
The last two points were determined after the addition of atropine. 


potential was only some 10-20%, and in some hearts was less even in the 
presence of 15 zg/ml. carbamylcholine while the coefficient of variation of 
the mean resting potential in untreated hearts is +7:7%, statistical treat- 
ment is required to prove the significance of the increase. Table 1 shows the 
results obtained on six auricles in which this point was specifically tested. 
A control series of potentials was measured and then 15 ug/ml. CCh 
(0-089 m.mole/l.) was added to the bathing solution and after 10 min a further 
series of potentials was measured. In two experiments the fluid was then 
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changed and replaced by Ringer containing 15 g/ml. atropine and a 
further series determined. The mean increases in resting potential in the 
six auricles varied from 4-2 to 14:1 mV with an overall mean increase of 
9-35 + 1-67 (s.z.) mV. This represents an increase of 15-5% over the initial 
resting potential and the probability that this increase could be due to chance 
is below 0-003. The increase in resting potential appears to be graded with 
the concentration of CCh employed (Fig. 1). Atropine in suitable concentra- 
tion returns the resting potential to approximately its initial level. Signifi- 
cant increases in the amplitude of the resting potential did not occur in 
concentrations of CCh less than 0-1 g/ml. 


0 i i i 
2 5 Oe 27 50 100 200 
K concentration (mm) 
Fig. 2. Change of resting potential with external potassium concentration. Abscissa, potassium 
concentration in m.mole/l., logarithmic scale. Ordinate, resting potential in mV. A, mean 
of three curves without CCh. B, mean of three curves in the presence of 20 ug/ml. CCh. 


The resting potential decreases with increase in the concentration of 
potassium in the external medium. The relation between resting potential 
and log (K concentration) is linear for concentrations above 10 mm, with 
a slope of 38 mV for a tenfold change in potassium. At lower external 
oa concentrations the slope is less (Burgen & Terroux, 1953, and 
When the effect of the same changes in external potassium concentration 
8 investigated in the presence of 20 »g/ml. CCh (0-119 m.mole/l.) the curve 
is shifted to the right, the slope is increased to 43-5 mV for a tenfold change in 
potassium, and remains log.-linear down to 5-6 mm-K, the lowest concen- 
tration used (Fig. 2). If the two curves are extrapolated, the potentials 
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decline to zero at 192 and 206 mm-K, concentrations higher than might be 
expected from the value of 145 m.mole/kg intracellular water found by 
Crismon, Crismon, Calabresi & Darrow (1943) for the cat heart. 


Effects of ACh and OCh on the action potential 


The effects of ACh and CCh on the action potential were very striking 
(Fig. 3). Even with very low concentrations of either substance, the action 
potential was markedly narrowed (Fig. 3a, 6) so that the duration became 


0 100 msec 
Fig. 3. Action potentials of three different fibres during treatment with CCh. a, 0-2 ug/ml; 
b, 0-5 pg/ml, faster sweep; c, 15 ug/ml. The second trace in 6 and c shows the first derivative 

of the action potential. Scales: vertical, mV; horizontal, msec. 


much less than the normal 150-300 msec. With higher concentrations the 
action potential became a narrow spike (Fig. 3c) looking not unlike a nerve 
action potential. It is clear from Fig. 3c that it is an increase in the rate of 
repolarization that is mainly responsible for the brevity of the response— 
the rate of rise of the action potential is little affected. The form of the 
repolarization curve is consistently concave and no evidence of humps on it 
was obtained (see Burgen & Terroux, 1953). The magnitude of the active 
membrane potential was unchanged except with the highest concentrations 
used (50-100 wg/ml.), where some of the action potentials were reduced to 
20-25 mV but were otherwise like the full-sized very narrow potentials. The 
height of the action potentials was increased only to the same extent that 
the resting potentials were increased. Failure of conduction was never 
observed in association with the narrowing of the spike. The effects of ACh 
and CCh on the action potential, as indeed on the resting potential, were 
totally unlike those of increased external potassium (Burgen & Terroux, 
1953). 
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In Table 2 the effects of CCh on the auricular action potential are analysed. 
There is only a small increase in the rate of rise of the action potential but with 
the higher concentration # tenfold increase in the rate of repolarization. The 
duration of the potential falls to a small percentage of the normal. After 
addition of atropine the parameters of the action potential returned sub- 


TaBLE 2. Effect of carbamylcholine on the time course of the membrane action potential. 
Results obtained in one typical experiment. 


of A.P. of a.P. A.P. curve and 
Max. rate Max. rate at 20% ht. at 80% ht. durations at 
of rise of of fall of (msec) (msec 20 and 80% of 
AP. ar. Rateofrise (% of control (% of control the spike 
(V/sec (Vjsec) Rate offall duration) ) (mV sec) 
Control 6-0 0-55 10-9 176 71 4:8 
(100 (100%) 
CCh, 9-0 2-9 3-1 4 0-64 
0-3 »g/ml. (16%) (6 
10-4 5-4 19 5 0-26 
77 0-73 10-5 3 50 41 
10 pg/ml. | 7 (91%) (70%) 
* Caloulation: 


Area (Dusstion at 20% of height + duration 80% of epike height) height 


stantially to normal. Whilst these results were taken from experiments on one 
auricle, others have given a similar picture. In some fibres the rate of fall 
has reached as much as 80% of the rate of rise, but in no case has the ratio 
been reversed. Atropine rapidly reversed these effects of ACh and CCh and 
proved a very valuable aid in checking whether deterioration of the preparation 
had occurred. 

Effects of the multi-fibre action potential of the turtle heart. Monophasic action 
potentials are satisfactorily obtained from the isolated turtle auricle with 
a suction electrode (Wiggers, 1937). The addition of ACh or CCh to the 
bathing fluid caused a marked shortening of the multi-fibre action potential 
and in most cases a decrease in amplitude (Fig. 4). 


Effects on excitability 

Strength-duration curves were determined for five auricles at 23-26° C 
under control conditions, using the electrical response of the fibres as the 
indicator of excitation. After treatment of the same five auricles with CCh 
(10 »g/ml.) and then with atropine (10 yg/ml.), the changes observed, though 
not large, were consistent. The mean result of these observations is shown in 
Fig. 5. The rheobasic strength was decreased from the control level of 0°76 to 
0-64 V (—16%) after CCh and the curve was shifted to the left. The chronaxie 
decreased from 1-95 to 1-64 msec. The trend of these results was confirmed 


Duration Duration *Area bounded 
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on auricles driven at a constant rate at 37°, in which the mechanical response 
was used as the criterion of excitation. Thresholds were determined using 
rectangular pulses of 5 msec duration. The fall of threshold after CCh was 
greater under these conditions, averaging 37°. There was no evidence of 
tachyphylaxis in these changes of threshold. 


a b 
Fig. 4. Monophasic action potentials of the turtle auricle. a, initial; b, after application of 
10}yg/ml. ACh. Scales: vertical, mV; horizontal, 0-04 and 0-2 sec. 


20 - 


15 


Fig. 5. Strength-duration curves. Means from five auricles. @—®, initial curve; x—x, OCh, 
10 yg/ml.; O—O, atropine, 10 pg/ml. Ordinate, stimulus strength in volts. Abscissa, 
equivalent duration in msec (0-37 RC). 

Recovery of excitability 
The effects of CCh (0-1-1 ug/ml.) on the recovery of excitability in the 
auricle are extremely interesting. The relative refractory period which is 
normally a long drawn-out process became very much abbreviated, but the 
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duration of the absolute refractory period was apparently unchanged (Fig. 6). 
The effects of the carbachol could be reversed by washing out with fresh 


While there is general agreement that the duration of the total refractory 
period is decreased by vagal stimulation and parasympathomimetic drugs 
(Lewis, Drury & Bulger, 1921; Lueken & Schutz, 1938), there is no agreement 


100 300 500 700 900 
msec 


Fig. 6. Recovery of excitability. @—@®, initial curve; x— x, OCh, 0-13 pg/ml. O—O, after 


washing out CCh. Ordinate, excitability as percentage of resting value. Abscissa, interval 
since driving pulse, msec. 


as to relative changes in duration of the absolute and relative refractory 
periods. Lueken & Schutz reported a decreased absolute refractory and 
increased relative refractory period in the frog ventricle. In a dog heart 
driven at constant rate, Hoffman, Siebens & Brooks (1951) found that weak 
stimulation of the vagus increased the relative refractory period of the 
auricle without changing the duration of the total period of refractoriness; 
stronger stimulation decreased both relative and absolute refractory periods. 
Since the absolute refractory period of the dog heart decreases with increase 
in heart rate without apparent change in the duration or course of the relative 
refractory period (Siebens, Hoffman, Gilbert & Suckling, 1951), it is evident 
that the effect is a complex one. It is to be noted, too, that in the cat auricle 
after CCh the refractoriness outlasts the duration of the action potential. 


Velocity of conduction 
The calculation of absolute velocities of conduction is subject to a rather 
large error in a muscle like the auricle, since it involves a measurement of the 
resting length of the muscle. In these experiments, which were carried out on 
rather loosely stretched muscles, the control rates at 24° C ranged from 0-25 
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to 0-30 m/sec in different hearts. In the one experiment at 33-5° the velocity 
was 0-30 m/sec, A further error in the calculations would be introduced if 
the conduction path were to change in the presence of CCh. In some experi- 
ments this occurred and was recognized by abrupt changes in the apparent 
conduction velocity and in the shape of the action potential. 

There was, however, in satisfactory experiments a genuine decrease in 
conduction velocity. After each introduction of CCh, the velocity decreased 
gradually along a smooth curve which reached its asymptote level in 
10-20 min, the final steady level depending on the concentration of the drug. 
Fig. 7 shows the results of such an experiment at 33-5° C. 


10 Lt L j 
03 10 3-0 10-0 


pg/ml. carbamyicholine 
Fig. 7. Effect of OCh on conduction velocity at 33-5° C. 


Mechanical responses of the auricle 

Simultaneous electrical and mechanical records were obtained from small 
strips of auricle with the arrangement shown in Fig. 8a. The stimulating 
electrodes and the recording electrode were moved from one end of the strip 
to the other to explore the error involved in measuring the relative times of 
the beginning of the electrical and mechanical deflexions. These records show 
that the delay between the onset of the electrical response and the onset of 
the mechanical response is very brief and is of the order of 1-5 msec. On 
simple examination there is little correlation between the duration of the 
two responses. In some preparations the electrical response outlasts the 
mechanical, although the converse is usually true. At any rate in untreated 
preparations the membrane is still substantially depolarized when the peak of 
the tension record is passed; in the record of Fig. 86 at the peak of the 
mechanical record, the action potential has fallen by only one-third. In 
Fig. 9 a response is shown after treatment of the muscle with 0-03 ug/ml. CCh 
—the gain on the mechanical transducer is much greater than in Fig. 8). It 
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can be seen that the electromechanical delay remains very brief, but now the 
action potential is almost completed at the time of the mechanical peak. 

A closer examination of the change in the mechanical response after ACh 
or OCh reveals that the decline in maximum tension developed is accompanied 


0 100 200 msec 


Fig. 8. a, arrangement of stimulating and recording electrodes on an auricular strip; b, simul- 
taneous records of membrane potential (upper record) and tension (lower record) during 
a contraction. 


mV 


6 100 200 msec 


Fig. 9. Simultaneous records of membrane potential (lower trace) and tension (upper trace) after 


by @ decrease in the duration of the mechanical response and a shift in its 
peak to the left (Fig. 10). In some instances there is a nearly linear relation- 
ship between peak tension and peak shift (Fig. 11), although more often 
with the greatest diminutions in peak tension, the position of the peak either 
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steadies or begins to shift back. This apparent reversal in the direction of shift 
is due to the slowing of conduction velocity produced by ACh and CCh which 
will make the peak shift appear smaller by 0-12 msec depending on the 
concentration of ACh or CCh added, and the length of the auricular strip. 
Such velocity changes introduce little error when a reduction in tension of 
less than 50%, is considered. 


100 
3 
50 
e 
: 
1 1 
— 0 -10 —-20 
0 100 200 msec Peak shift (msec) 


Fig. 10. Fig. 11. 

Fig. 10. Tracings of a series of contractions after the addition of 0-05 yg/ml. CCh to the muscle 
bath. Ordinate, tension. Abscissa, time (msec). a, control; b-e, successive stages of depression 
of the contractile response. 

Fig. 11. Relation between peak tension and peak shift. Ordinate, percentage of muscle elements 
responding. Abscissa, peak shift (msec). 


Fig. 12. a, initial contraction curve; b, contraction curve after CCh when the maximum tension 
has been reduced by 20%; c, algebraic difference between a and b. Ordinate, tension. 
Abscissa, time. 


The shift of the peak towards the origin with decrease in contractile tension 
is increased in magnitude when the temperature is reduced, the Q,,) of the 
peak shift being about 2-0 between 25 and 37-5° C—corresponding to an 
activation energy of about 10-12 kcal/mole. 

If the curve obtained when the tension is reduced to 60-70% of the initial 
is subtracted algebraically from the initial curve a third curve is obtained 
(Fig. 12), which is similar in form to the other two but is shifted to the right. 
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This type of analysis of a number of records suggests that the tension curve 
may be regarded as the sum of the contraction tensions of a great many 
elements dispersed in time, the temporal dispersion being relatively short 
(estimated 40-60 msec at 37°C) compared with the duration of contraction 


20 


% of elements responding 


Peak shift (msec) 
Fig. 13. Lower curve, relation between area under tension curve (percentage of initial value) 


and shift of peak. The upper distribution diagram is the differentiated form of the lower 
curve. 


of the single elements (total duration—temporal dispersion=c. 300—50= 
250 msec). The effect of ACh or CCh would thus be to eliminate progressively 
the part of the contraction which is due to the later responding elements. If 
the number of elements responding to a wave of excitation is considered to be 
related to the area under the tension curves rather than to its peak, this 
relation can be plotted in its direct and differentiated forms (Fig. 13) to give 
a rough idea of the times at which these elements come into play. 


DISCUSSION 


Since the first report by Gaskell (1887) that the resting potential of the turtle 
auricle was increased by vagus stimulation, there has been argument about 
the occurrence of this phenomenon. The consensus of opinion has been that 
a very small hyperpolarization of the auricle does occur with both vagal 
stimulation and parasympathomimetic drugs. This change is usually too small 
to be detectable at the sensitivities generally used for recording the action 
potential. The results in our experiments show that at low concentrations of 
CCh, of the order of 0-05 »g/ml., quite adequate to produce measurable effects 
on both the action potential and the contractile force of the auricle, the change 
in resting potential is well within the limits of error of our methods (Fig. 1). 
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However, with concentrations of CCh of 0-1 ug/ml. and higher an indubitable 
hyperpolarization occurs, which is not secondary to any change in the 
mechanical activity of the auricle, since it occurs equally in quiescent auricles. 
Acetylcholine gave comparable results, at a lower concentration in each case, 
but because of the transience of the acetylcholine effects quantitative com- 
parisons are less accurate than with carbamylcholine. The existence of 
hyperpolarization due to acetylcholine is especially interesting because the 
view has become current that wherever acetylcholine produces physiological 
effects it acts by depolarization. 

Some light is thrown on the mechanism of the increase in resting potential 
by the manner in which it is affected by the external potassium concentration. 
The resting potential is raised by CCh at all potassium concentrations, but 
the effect is largest at the lower concentrations; the linearity of the relation 
plotted in Fig. 2 suggests that an even larger effect might have been obtained 
if the potassium concentration had been reduced below its normal value. 
This makes it likely that the effect of CCh (and ACh) is at least in part an 
increase in the permeability of the membrane to potassium ions. Such an 
explanation would require that the resting membrane conductance should be 
increased. An indication that this is the case is given by the fall in chronaxie 
that we observed; observations on the space constant should give more direct 
evidence, but attempts to measure the space constant with sufficient accuracy 
failed because of the difficulty of finding a stretch of auricle muscle with a 
uniform structure. A rise in conductance might also explain the fall in 
conduction velocity, which otherwise would be unexpected in conjunction 
with the increased rate of rise of the spike that we observed. 

The changes in resting excitability of the auricle are difficult to explain 
since it would be expected that a rise in resting potential might entail a 
decreased excitability as was indeed found by Dipalma & Mascatello (1951). 

Shortening of the action potential by vagal stimulation and by para- 
sympathomimetic drugs appears to have been described first by Samojloff 
(1914) in the frog heart. A similar effect on the gross bipolar and unipolar 
electrogram has been described by many others (Hofmann, 1920; Lueken & 
Schutz, 1938). A survey of these papers shows that the type of change found 
depends on the initial shape of the monopolar electrogram. If this has a 
substantial initial plateau, the shortening of the action potential is un- 
associated with a decline in amplitude. However, if the initial potential 
is more saw-toothed in shape, the decrease in duration is accompanied 
by a decrease in amplitude (as in Fig. 4 (turtle)). The results with internal 
electrodes provide a simple interpretation of these results. The effect on the 
single fibre potential is purely a shortening; when the algebraic sum of these 
single fibre potentials is recorded in gross monopolar records, the temporal 
dispersion of the contributory fibre potentials must be considered. When the 
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breadth of the action potential peak remains large compared with the temporal 
dispersion, the individual peaks will continue to overlap and sum to the same 
height as previously. On the other hand, if the breadth of the action potential 
peak is brief compared with the period of temporal dispersion, narrowing of 
the single fibre potentials will lead to a decline in the summed peak potential. 

In the experiments reported here, tachyphylaxis has been prominent in some 
of the changes but not in others. The effects of ACh and CCh on the duration 
of the action potential, the refractory period, and the contractile response 
showed marked diminution on continued contact with CCh. On washing out 
or on treatment with atropine, an increase of activity over control levels was 
sometimes seen. No such tachyphylaxis was seen in the effect on the resting 
potential, resting excitability, or conduction velocity. Thus the results that 
can be attributed to altered potassium flux show no tachyphylaxis; those that 
do not seem to be so associated and which may be connected with inactivation 
of the sodium process show tachyphylaxis. 

The present results provide no conclusive proof of a connexion between the 
duration of the action potential and the contractile force developed by the 
auricle. During the progressive inhibition of contraction by CCh there is, 
however, a definite correlation between the shift in time of peak tension and 
the height of the tension curve, which suggests that the duration of action 
potential necessary for excitation may differ for different myofibrils, so that 
with increasing brevity of the action potential the more slowly responding 
fibrils fail to contract. 

Finally, the findings in the present work may have a bearing on the problem 
of inhibition at central synapses. The liberation at terminal boutons of a 
substance having the same effects on central neurones as acetylcholine has on 
heart fibres could inhibit the neurones in two ways; first, by increasing the 
resting potential so that the depolarization necessary to reach its firing 
threshold would be increased; very recently Brock, Coombs & Eccles (1952) 
have shown that an inhibitory volley produces a hyperpolarization in the cat 
anterior horn cells. Secondly, it is possible that if transmission at some central 
synapses is purely electrical, a decrease in duration of the potentials arriving 
in the presynaptic fibres would mean that a greater number of impulses must 
be summed to reach threshold than when the cell is bombarded with impulses 
of longer duration. 
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SUMMARY 


The following effects were observed when acetylcholine or carbamylcholine 
was applied to a strip of muscle from the cat’s auricle: 

(a) The resting potential was increased. 

(6) The action potential decreased in duration as a result of a great increase 
in the rate of repolarization. The active membrane potential was unaltered. 

(c) The mechanical response of the muscle decreased both in amplitude and 
in duration. These declines are interpreted as due to the brief duration of the 
action potential which apparently fails to excite the more slowly responding 
contractile elements. 

(d) Under the conditions of stimulation used in these experiments, the 
resting threshold and chronaxie were decreased. The relative refractory period 
was shortened without change in the absolute refractory period. : 

(e) Conduction velocity fell by as much as 38% in 10 »g/ml. carbamyl- 
choline. 

(f) With raised concentrations of external potassium the decrease in resting 
potential for a tenfold increase in external potassium was greater than in the 
absence of carbamylcholine. 


We are indebted to Dr P. Sekelj for advice on electronic problems, and to Dr B. Delisle Burns 
for helpful discussion. 

This work has been generously supported by a grant from the National Research Council of 
Canada. 
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THE EFFECTS OF POTASSIUM AND CALCIUM 
SALTS ON THE MOTILITY OF RAM, RABBIT AND 
BULL SPERMATOZOA 


By A. W. BLACKSHAW | 
From the Department of Veterinary Physiology, University of Sydney, 
| Australia 


(Received 10 June 1952) 


The effects of pH, osmotic pressure and sodium chloride concentrations on 
the motility of rabbit, ram, bull and human spermatozoa have been reported 
(Emmens, 1947; Blackshaw & Emmens, 1951). It was demonstrated that 
variations in the sodium chloride content of isotonic media had little influence 
on spermatozoal motility, except at a pH above 9. 

The effects of potassium and calcium on ciliary activity have been reviewed 
by Gray (1928), but their importance for the activity and metabolism of 
spermatozoa has not been fully demonstrated. Many successful semen diluents 
contain neither potassium nor calcium, and some contain isotonic sodium 
citrate which might be expected to convert the seminal calcium into the 
unionized state. Despite this Winters, Comstock, Cole, Green & Bulik (1938) 
and Milovanov (1934) appear to have found calcium necessary in diluents for 
ram spermatozoa, the concentration in Milovanov’s diluent being 0-006. 

However, Lardy, Winchester & Phillips (1945) found that 0-004 m-calcium 
depressed the motility of ram spermatozoa. Lardy & Phillips (1943) found 
that calcium depressed the motility of bull spermatozoa, but that potassium 
was necessary for optimal motility. 

In view of the uncertainty concerning the need for calcium and the lack of 
knowledge about the effects of potassium a study has been made of the effects 
of these ions, alone and in combination, on the motility of ram, bull and rabbit 
spermatozoa. 

MATERIALS AND METHODS 
Ejaculates of high initial motility were used in tests. This was necessary as the washing and 
dilution procedures considerably reduced the number of active spermatozoa. Ram semen was 
collected by electrical stimulation as described by Gunn (1936) and bull and rabbit semen by the 
artificial vagina. 

The spermatozoa were freed of seminal plasma by dilution 1 in 5 in buffered glucose saline and 
then centrifuged for 10 min at 1500 rev/min. In the preliminary experiments with ram and rabbit 
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semen which involved only potassium ions the supernatant was removed and sufficient diluent 
added to restore the original semen volume. 
When potassium and calcium were both used the centrifuging and washing procedure was 


In the preliminary experiments 0-1 M-sodium phosphate buffer was used and in those concerned 
with both potassium and calcium, 0-1 M-veronal—hydrochloric acid was used. Both were added at 
the rate of 20 ml. buffer per 100 ml. total diluent. The nominal pH was 7-0. The basic diluent in 
all tests contained 2% (w/v) glucose and 0-46 % (w/v) sodium chloride and buffer. Potassium and 
calcium chlorides in 0-154™ solution were added to the diluent to give the desired cation concentra- 
tions. The resulting solutions were approximately isotonic with 0-9% (w/v) NaCl. 

In each tube the washed ejaculate was diluted 1 in 10 to | in 20. 

Observations of motility were made at }, 14, 2}, 4 and 5 hr with ram and rabbit semen, at 
+, 1}, 24 and 4} hr with bull semen. Motility was scored as described by Emmens (1947); maximum 
motility as 4, complete immotility as 0, and the added scores for each tube constitute the motility 
index which was used as unit observation in the analyses of variance. For publication, however, 
the tables have been modified by the omission of the results for individual ejaculates and the use 
of scaling-up factors to give a maximum score of 100 for a single treatment, whatever the number 
of ejaculates, or observations on each ejaculate. Nevertheless, the figures for each species are not 
directly comparable. 


RESULTS 


Veronal-hydrochloric as a buffer 
To prevent precipitation of calcium in the higher concentrations used, 
a veronal—hydrochloric acid buffer was used. The motility of ram, rabbit and 
bull spermatozoa in this buffer system did not differ significantly from that 
in phosphate buffers. Three ejaculates were used in each test at three pH levels. 
The results for each treatment are shown in Table 1. 


TaBiz 1. Treatment motility scores (maximum 100) for the test of the suitability of veronal— 
hydrochloric acid as compared with phosphate buffers with ram, rabbit and bull spermatozoa 


Ram 
A ~ Mean 
Diluent 65-70  7-2-7-4 7-8-8-0 score 
Veronal—-HCl 82 79 70 77 
Phosphate 82 75 67 67 
Rabbit | 
~ Mean 
7-0-7°5 7.7-7:8 8-0-8-1 score 
Veronal-HCl 63 67 64 
Phosphate 60 59 59 
Bull 
Mean 
6-8-7-1 7-3-7-7 7-6-8:1 score 
Veronal-HCl 75 68 69 
Phosphate 70 65 61 65 
Effects of cations 


Experiments with spermatozoa washed once indicate that neither ram nor 
rabbit spermatozoa are markedly affected by variations in potassium-ion 
concentration (Table 2) and that the type of response of those of the rabbit is 
not altered by incubation at 37° C. 
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In the second series of tests, concentrations of potassium chloride at 
0, 0-005, 0-01, 0-02, 0-04m and of calcium chloride at 0, 0-0015, 0-003, 0-006 m 
were used in a factorial design. 

Four replications,-each with a different ejaculate, were made with ram and 
bull semen and six with rabbit semen. Tables 3-5 list the motility scores 
(maximum 100) for each treatment, with the ram, rabbit and bull respectively. 

Ram Rabbit 


Potassium r A ~ 
chloride Room Room Mean 

conen.(m) temp. temp. 37°C score 
0-000 66 79 72 
0-0025 81 69 81 75 
0-005 82 70 82 76 
0-01 79 71 81 76 
0-02 76 69 77 73 


TaBLE 3. Treatment motility scores (maximum 100) for the test of the influence of potassium 


Potassium Calcium chloride conon. (™) 
chloride 

concen. (M) 0-000 0-0015 0-003 0-006 Mean score 
0-00 79 66 75 66 71 
0-005 85 85 78 74 80 
0-01 89 86 83 80 85 
0-02 80 79 78 76 78 
0-04 80 77 75 74 77 

Mean score 83 79 78 74 — 


TaBLE 4. Treatment motility scores (maximum 100) for the test of the influence of 
and calcium salts on the motility of rabbit spermatozoa in vitro (6 ejaculates 


Potassium Calcium chloride concn. (m) 
chloride 

conen. (mM) 0-000 0-0015 0-003 0-006 Mean score 
0-00 44 44 44 46 
0-005 47 47 54 50 50 
0-01 48 47 49 . 45 47 
0-02 46 46 46 44 45 
0-04 46 43 46 43 44 

Mean score 48 45 47 45 — 


Ram (Table 3). All the main effects and the ejaculate—potassium interaction 
were highly significant (P<0-01). The potassium main effect was also tested 
against the ejaculate—potassium interaction and gave F =3-48, p.F. =4 and 12, 
P<0-05. Likewise the calcium main effect tested against the ejaculate— 
calcium interaction gave F =5-88, p.r.=3 and 9, P< 0-05. 

It therefore appears that the optimum level of potassium ions for ram 
spermatozoa is about 0-01 m, and that calcium ions at all concentrations are 
somewhat deleterious. Also there is no interaction between potassium and 
calcium on the motility of ram spermatozoa. 
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Rabbit (Table 4). Rabbit spermatozoa were adversely affected by the washing 
and dilution procedures; head agglutination occurred in all tubes with some 
ejaculates and motility was rather low throughout. 

Rabbit spermatozoa show no significant sensitivity to any particular level 
of potassium and are not adversely affected by calcium levels up to 0-006 m. 

Bull (Table 5). Agglutination of spermatozoa was slight after washing and 
dilution. 

The main effects for ejaculates and potassium levels and the ejaculate— 
potassium interaction are all significant at the 0-001 level. Again the potas- 
sium main effect was tested against the ejaculate—potassium interaction; 
F =72-2/22-6=3-20, p.r.=4.and 12, P>0-05. The 0-05 level of significance 
for D.F. =4 and 12 gives F =3-26. 


T 5. Treatment motility scores (maximum 100) for the test of the influence of potassium 


Potassium Calcium chloride concn. (M) 

concn. (a) 0-000 00015 0-003 0-006 Mean score 
0-00 53 52 53 53 53 
0-005 59 62 60 60 60 
0-01 62 63 6l 58 62 
0-02 60 59 58 57 59 
0-04 55 57 55 55 56 

Mean score 58 59 57 56 — 


Although the potassium level probably does influence the motility of bull 
spermatozoa, this action is not so firmly established as is the case with ram 
spermatozoa. As with the ram, motility is best at the 0-01 m level of potassium, 
calcium having no significant effect. Again there was no significant K/Ca 
interaction. 

DISCUSSION 


The results presented show that potassium and calcium salts do significantly 
influence the motility of ram and bull spermatozoa. In the case of ram 
spermatozoa comparison of the potassium and calcium main effects with the 
corresponding interactions establishes more conclusively the significance of 
the effects. It may also be noted that in none of the species is there a significant 
K/Ca interaction which means that the effect of either ion on motility is not 
dependent on the concentration of the other. 

Although the effects of these ions are not striking, calcium is clearly undesir- 
able in diluents for ram and bull spermatozoa, and unnecessary for rabbit 
spermatozoa. On the other hand, potassium appears to be necessary only for 
washed spermatozoa. 

The increased sensitivity of twice-washed spermatozoa to potassium lack, 
suggests that intracellular potassium may be lost during washing. Other 
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observations (Blackshaw, 1953) have shown that repeated washing of ram 
spermatozoa causes great loss in motility which may be partially restored by 
the addition of potassium after the last washing. White (1953) has also found 
that the motility of ram and bull spermatozoa washed four times at 200 million 
cells per ml., and incubated at 37°C, rapidly decreases unless potassium 
chloride is present in at least 0-004m concentration. Both these reports 
indicate that potassium may be lost from the cell by washing and later taken 
up again, when resuspended in fresh diluent containing potassium. 


SUMMARY 


1. The motility of ram, rabbit and bull spermatozoa has been studied at 
various concentrations of potassium and calcium salts. 

Sodium phosphate buffers were used when potassium alone was investigated 
and veronal—hydrochloric acid buffers when both potassium and calcium were 
used. 

2. Potassium had little effect on the motility of ram and rabbit spermatozoa 
washed once, and, in the case of rabbit spermatozoa, incubation at 37° C 
caused no change in response. 

3. The motility of twice-washed ram spermatozoa is significantly affected 
by potassium and calcium salts. A concentration of 0-01 m-KCl gives best 
motility and all levels of calcium chloride are deleterious to motility. 

4. Twice-washed rabbit spermatozoa are not significantly influenced by 
variations in potassium and calcium chloride concentrations. 

5. Potassium chloride influences the motility of twice-washed bull sperma- 


tozoa, the optimum level being about 0-01m, while calcium chloride has no’ 


significant effect on motility. 


The author is indebted to the Glenfield Veterinary Research Station and the Camden Park 
Estate for the supply of bull semen. 
This work was undertaken while the author was in receipt of a Commonwealth Research Grant. 
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NERVE IMPULSES IN THE BRAINSTEM OF THE GOAT. 
SHORT LATENCY RESPONSES OBTAINED BY 
STRETCHING THE EXTRINSIC EYE MUSCLES 
AND THE JAW MUSCLES 
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From the University Laboratory of Physiology and Nuffield Department of 
Surgery, Unwersity of Oxford, and Department of Pathology, Radcliffe 
Infirmary, Oxford 


(Received 15 September 1952) 


Impulses from proprioceptive nerve endings of the goat’s extrinsic eye muscles 
have been recorded from fibres of the third nerve (Cooper, Daniel & Whit- 
teridge, 1951). These impulses were ascribed to muscle spindles which are 
numerous in the goat’s eye muscles and in those of man (Cooper & Daniel, 
1949). We have since explored the goat’s brainstem by means of a fine needle 
electrode mounted on a stereotaxic machine in an attempt to find the cell 
bodies of the proprioceptive endings in these muscles. During the search 
a large part of the central region of the mesencephalon, together with some 
thalamic and pontine regions, were explored. While our main interest was in 
the result of stretching individual eye muscles on the same side as the ex- 
ploratory needle, we recorded impulses initiated by stretching each of the eye 
muscles in turn, by movements of the opposite eye and by movements of the 
jaw. We also recorded responses obtained by touching some part of the body 
and responses to visual and auditory stimuli. In addition, we made note of 
spontaneous rhythms. 

A brief account of some of this work was given by Cooper, Daniel & Whit- 
teridge (1950). 

This paper gives an account of the methods used and includes diagrams of 
the goat’s brainstem which summarize the topographical results of all the 
work. The physiological results given here are confined to those responses with 
very short latencies which were obtained, in the region of the central grey 
matter and of the pontine nuclei of the fifth nerve, on stretching an extrinsic 
eye muscle or the jaw muscles. 

Other findings from this work are described in two further papers (Cooper, 
Daniel & Whitteridge, 1953a, b). 
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METHOD | 

Young male goats weighing 14~30 kg were used. The main group were anaesthetized with intra- 
peritoneal pentobarbitone, (0-7 ml. veterinary nembutal/kg body wt.), and anaesthesia was 
maintained by means of a continuous intravenous drip of pentobarbitone in saline. A tracheal 
cannula was always inserted. A large bone flap over both parietal and occipital regions was turned 
and the dura opened. Considerable portions of the inferior, lateral and superior walls of one orbit 
were removed, in order to.expose the recti oculi muscles. The anterior extremities of each of these 
four muscles, together with the insertion ends of the two oblique muscles, were secured with strong 
thread near the musculo-tendinous junctions. The insertions of all the muscles were then severed 
and the globe removed. The nerve to the inferior oblique muscle was sometimes exposed, but left 
in continuity so that it could be placed over stimulating electrodes and antidromic stimuli could 
be sent up it to the nucleus of the third nerve. In some experiments small recording 

were placed in the eye muscles. . 

A smaller group of animals were decerebrated under ether anaesthesia after a similar preparation 
of the orbit. In these animals loops were passed round the large carotid arteries so that these could 
be temporarily occluded during decerebration. The vertebral arteries in the goat are so small that 
it is unnecessary to occlude them. The line of section for decerebration passed through the 
colliculo-pulvinar junction and sloped forward in order to spare the nuclei of the third nerves. 
Subsequently, it was necessary to give a small amount of pentobarbitone, as there was often some 
movement owing to the rather forward line of decerebration. The results of the experiments on 
these two groups of animals are considered together in this and the following papers. 

The animal was placed in a modified Souttar-Beattie stereotaxic machine, the head being fixed 
by means of tapered ear-plugs inserted into the external auditory meati after amputation of the 
ears. The head was held with the snout downwards, at a fixed angle which was maintained by 
@ palate piece and cheekbone clamps. The palate made an angle of 25° with the horizontal. The 
threads from the six eye muscles were attached to six levers, operated by hand, which signalled 
a stretch through a system for converting changes in capacity into voltage fluctuation (Dickinson, 
1950). A similar system was used for signalling jaw movements. The Souttar-Beattie machine 
carried a vertical microelectrode which was inserted into the brain by a slow-motion drive and the 
depth read on a vernier scale. Much valuable information on stereotaxic work was found in 
Clarke (1920). | 

The microelectrode was a long steel or stainless steel ‘ bead’ needle, ground on an Arkansas stone 
until it had a long taper and a very fine point. It was insulated with Damarda Lacquer (L. 3128, 
Bakelite Ltd.). The needle was dipped into the varnish and slowly and steadily withdrawn to give 
an even coating. It was dried in air for 1-2 min and then baked for 2 min at 240° C. Three coats 
of varnish were applied, the last being baked for 1 min only. The needle was finally finished in 
paraffin oil at 200° C. The insulation was well maintained when the needles were finished thus in 
oil, although the manufacturers say that the varnish is soluble in dilute alkalis. The insulation of 
the needle was tested by using a 1000 c/s oscillator note, a wet sharpened match-stick and a pair 
of headphones. The earlier needles measured 20-30 at the tip, but later ones were made with 
tips of not more than 10, though it is difficult to measure the uninsulated tip without damaging 
it. The needle tips were always examined under a low-power microscope. 

In the recording system the microelectrode and indifferent electrode were connected to the 
grids of an amplifier discriminating against in-phase signals without grid-leaks. These were followed 
by & conventional resistance-capacity coupled amplifier, cathode-ray tube and camera. The 
indifferent and earth electrodes were of the same metal as the needle electrode. Care was taken 
to see that the goat was earthed at one point only. 

If a stimulus was applied to the branch of the third nerve to the inferior oblique muscle it was 
triggered from the time base. A neon flash lamp was used in a similar way for visual stimuli. 

The goats’ skulls and brains were found to vary considerably in size, so that stereotaxic co- 
ordinates based on the bregma were not always reliable and physiological indication of the where- 
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abouts of the needle tip had often to be used. Co-ordinates based on the inter-aural plane and 
a fixed palate angle were later found to give moderately reliable results. In order to simplify the 
histological identification of the needle tracks later, one needle should be used throughout an 
experiment, or at least for each block of tracks. The distance between the tracks should not be 
less than 1-0 mm, and adjacent tracks should be of different lengths. The entry of the needle tip 
into the midbrain can be detected by the characteristic noise in the loudspeaker or by the obser- 
vance of responses to visual stimuli from the opposite eye in the superficial layer of the superior 
colliculus ; the depth of entry into the colliculus and the depth finally reached were carefully noted 
on each run. At the end of an experiment marking needles were often inserted. 

The animal was killed by an overdose of pentobarbitone and the whole head was perfused, first 
with about 250 ml. of 0-9 % (w/v) sodium chloride solution to wash out the blood and immediately 
afterwards with 5 or 6 1. of a 10% (v/v) solution of formalin. The brain was then removed, the 
cerebral hemispheres were taken off, and the brainstem was fixed for a week in 10% formalin. 

The brainstem was blocked out, using the marking needle tracks as a guide, e0'that 6 coud be 
cut in the sagittal plane. This reduced the number of necessary serial sections very considerably and 
combined one of the planes of the needle tracks with # natural plane. The block was embedded 
in low viscosity nitrocellulose (Chesterman & Leach, 1949). In the early part of the work the serial 
sagittal sections were cut at 25, but it was soon found that 100, sections were satisfactory for 
identifying the individual needle tracks and for determining their relationship to the various 
nuclei and tracts through which they had passed. The sections were stained by Weil’s method for 
myelin, which has the advantage of staining the cells lightly as well as the myelin sheaths. The 
red blood cells in the needle tracks stain blue-black, making the tracks easy to see (Pl. 1, fig. 1); 
the absence of red cells from the vessels, owing to the perfusion, was an advantage. 

Bromide paper prints enlarged x 8 were made by placing the serial sagittal sections in a photo- 
graphic enlarger. In this way, an atlas of the sections from each experiment was made (PI. 1, 
fig. 2). The individual needle tracks, well seen in these photographs, were identified from the data 
recorded during the experiment. By comparing the length of the photographed tracks in the mid- 
brain with the known length of the tracks, a scale for measuring the prints could be prepared. 

In addition to the series of sagittal sections made from the brainstems of the experimental 
animals, we also prepared sagittal, transverse and horizontal series for a general study of the 
anatomy of the goat’s brainstem. Finally, a series of diagrams (Text-fig. la-g) were constructed 
showing the main anatomical features in the sagittal plane. These diagrams represent sections 
about 1-0 mm apart; they start in the midline and end at the superficial origins of the seventh 
nerve and part of the fifth nerve. | 


RESULTS 
Anatomical features of the goat's brainstem 

Anatomical studies of the ungulate midbrain and pretectal region have been 
made by Tsuchida (1906), Rose (1942), and Gillilan (1943). Detailed studies of 
the pontine and medullary regions are scarce, though some useful information 
is given by Pattison & Holman (1943). The brainstem of the goat is notable for 
the large size of its superior colliculi and for the relatively small size of the pons. 
The general features of its microscopic anatomy are similar to those of other 
mammalian brainstems, but when looked at in sagittal sections the midbrain 
and medulla are unusually long. Some of the principal landmarks are indicated 
in the parasagittal sections in Text-fig. 1 and in the horizontal diagram in 
Text-fig. 2, as well as in the transverse photomicrograph in PI. 1, fig. 3. 

The central tegmental tract is a prominent feature of the midbrain; it can 
be seen as a compact bundle in Pl. 1, fig. 3, and runs horizontally across the 
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centre of Text-fig. 1c. Rostral and caudal to this midbrain region the fibres 
- fan out and are much less easy to trace. Caudally they run in a more lateral 
and ventral direction past the motor nucleus of the fifth nerve and the nucleus 
of the seventh nerve. Some fibres probably connect with other tracts and cell 
groups in this region; others are thought to be on their way to the inferior 
olive, medullary nuclei and anterior columns of the cervical cord. This tract, 
or probably group of tracts, has received many names in the literature, and 
there is considerable doubt as to the derivation of many of its component 
fibres (Woodburne, Crosby & McCotter, 1946; Snider & Barnard, 1949; 
Verhaart, 1949). 

In our experience the mesencephalic nucleus of the fifth nerve is especially 
well developed in three regions: first, round the rostral extremity of the central 
grey matter, where groups of up to forty cells have been seen; secondly, near 
the fourth nerve ventral to the inferior colliculus, and thirdly, near the pontine 
nuclei of the fifth nerve. Pl. 1, fig. 4, shows three groups of cells from the first 
region. These cells are on the ventral edge of the central grey matter and are 
resting on fibres of the mesencephalic root and the central tegmental tract. 
Much information about the details and general distribution of the mesence- 
phalic nucleus are given in papers by van Valkenburg (1911), Weinberg (1928), 
Sheinin (1930) and Pearson (1949a, 5). 

Passing the motor and sensory nuclei of the fifth nerve and the motor 
nucleus of the seventh nerve are numbers of ascending and descending tracts 
whose exact identification is extremely difficult. The area rostral to the nucleus 
of the seventh nerve and near the emerging fibres of this nerve was found to 
be rich in responses to stretching the eye muscles, Through this region pass, 
among others, the vestibulo-spinal, the spino-thalamic, and the rubro-spinal 
tracts, as well as the components of the central tegmental tract. 


Physiological results 

A general idea of the physiological results may be gained by a study of the 
symbols in the diagrams of the brainstem (Text-fig. 1). The symbols indicate 
the sites from which responses were obtained by stretch of the jaw and eye 
muscles, and also from various stimuli to the limbs and body, and from visual 
stimuli. The symbols represent those positive results whose sites were later 
identified histologically. The results from the whole series of experiments are 
included. Where possible, on the basis of photographic records, some distinc- 
tion in the type of response is made depending on its measured latency, since 
a very short latency suggests that the impulses come from a site in the first 
neurone, while responses with longer latencies have presumably traversed 
paths of some complexity. Negative results have not been entered. Areas 
with many symbols indicate much exploration, but empty areas may be due 
to negative results or to lack of exploration. The long duration of these experi- 
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ments, the variation in depth of anaesthesia, and the inadvisability of placing 
the tracks too close together, all limit the information gained from one experi- 
ment and make a large number of experiments necessary. 

The diagram in Text-fig. 2 gives some idea of the range of our experiments. 
All the runs are entered as dots on the composite horizontal section, though 
not all these runs gave results. 

This paper is concerned only with very short latency responses picked up 
on stretching the jaw or eye muscles. These responses are entered on the 
diagrams by the symbols A (jaw) and @ (eye). The sites of the j Jaw responses 
were explored with some care, for the location of these responses in the mesen- 
cephalic nucleus of the fifth nerve gave very useful landmarks, and the later 
histological identification of needle tracks in relation to specific cells of the 
nucleus indicated the reliability of the method. 

Conduction rate in the third nerve. Since we decided to rely on the latencies 
of the responses in the brainstem as an indication of whether we were recording 
from the first neurone, it was important to determine the order of the latency 
that we might expect. 

The proprioceptive impulses from the eye muscles must travel for some dis- 
tance in the third, fourth and sixth cranial nerves. In order to be certain that 
the impulses, detected by us in the peripheral part of the branch of the third 
nerve to the inferior oblique muscle, could reach the brain very rapidly, we 
checked the conduction rates in this branch. The nerve to the inferior oblique 
muscle was dissected out to give a length of about 4 cm. It was soaked in 
Ringer-Locke solution and was then suspended in an atmosphere of 95% 


oxygen and 5% CO, saturated at 37° C. Its conduction rate was measured by _ 


stimulation at a number of points, the action potential being recorded at the 
central end of the nerve. The largest elevation gave a conduction rate of 
97-5 m/sec for its fastest fibres. In addition, there was a small elevation at 
30 m/sec and an intermediate one at 16 m/sec. Further information on the 
conduction rate was obtained when antidromic stimuli were applied to the 
nerve to the inferior oblique muscle and recorded in the nucleus of the third 
nerve. Such stimuli gave a main elevation which started at 0-6 msec with 


a peripheral conduction distance of about 6 cm; this corresponds with a con- 


duction rate of 100 m/sec. A second elevation was frequently seen on the 
descending limb of the first (cf. Lorente de N6, 1939). The fibres giving this 


_ elevation had a higher threshold and a longer refractory period, and would 


have a conduction rate of 54 m/sec. 

We have not ourselves measured the size of nerve fibres in the nerves to the 
eye muscles of the goat. This has been done in the sheep by Nakanishi (1924) 
and Bjérkman & Wohlfart (1936). The two sets of results show considerable 
differences in maximum fibre diameter, from 17 to 124, but this work probably 
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We concluded from the conduction rate experiments that the impulses from 
the muscle spindles might be expected to reach the brainstem with a latency 
of 0-6-1-0 msec. In recording our responses to muscle pulls a paper speed of 
about 10 cm/sec was used, and at this rate latencies below 5 msec are not 
measurable; we classed responses with latencies of this order as short. 

Short latency responses from the jaw muscles. Short latency responses to 
a stretch of the jaw muscles were found over a wide area, but always in close 
relation to the mesencephalic nucleus of the fifth nerve. Often, subsequent 


Text-fig. 2. Composite diagram of horizontal section through brainstem of goat to show the 
placing of all the needle tracks throughout the experiments. Each dot represents one needle 
track but gives no indication of the depth reached or whether any results were obtained. 
The outlines of the third, fourth, motor and sensory fifth, sixth and seventh nuclei are shown, 


and the posterior commissure, the fibres of the fourth, fifth and seventh nerves and the 


mesencephalic tract of the fifth nerve are indicated. 


histological study showed that the needle tip had been in contact with the 
cells of this nucleus. If the diagrams are examined it will be seen that the 
symbols A, representing the short latency discharges from stretch of the jaw 
muscles, outline the mesencephalic nucleus of the fifth nerve from the level 
of the posterior commissure to that of the entry of the fifth nerve into the 
brainstem. 

A typical response to stretch of the jaw muscles is shown in Text-fig. 3. The 
discharge of the large unit speeds up as soon as the stretch is applied, it settles 
to a steady rate and adapts very slowly; it stops abruptly when the stretch is 
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released. After a pause the discharge starts again at the previous resting rate. 
Many such records were obtained, usually in response to lateral movements of 
the jaw, or less frequently to opening of the mouth. The prevalence of responses 
to lateral movements fits in well with the goat’s jaw motion in chewing. Some- 
times @ unit with a resting discharge which responded on moving the jaw to 
one side would cease to fire on movement in the other direction. 

Responses with longer latencies to stretch of the jaw muscles were noted in 
scattered sites and are entered as open triangles. They are discussed in a later 
paper (Cooper et al. 19535). 

Short latency responses from eye muscles. A great variety of responses due 
to stretching the eye muscles were obtained, varying in latency from lessthan 
5 msec to 200 msec, and showing many differences in character. The sites of 
these responses are entered as circles in the diagrams (Text-fig. 1a-g). The 


Text-fig. 3. Response to stretch of the jaw muscles of an intact goat. Afferent discharges from 
three single unite in the midbrain on moving the jaw to the right. The record was obtained 
from cells of the mesencephalic nucleus of the fifth nerve on the right side. The large unit 
shows a typical muscle spindle, short latency, sustained discharge with a pause on release of 
the stretch. The maximum rate is about 100 impulses/sec. The other unite show a similar 
pattern of discharge. Above: time, 50 c/s; below: stretch signalled by condenser system. 


responses considered in this paper were from endings which had a low threshold 
for stretch, a latency of 5 msec or less, with a high rate of discharge during 
passive stretching, a low adaptation rate during maintained stretch and an 
immediate cessation of discharge on the release of stretch. The endings are 
exquisitely sensitive to the slightest stretch applied to the muscle. The responses 
resemble closely those obtained in single fibres of the branch of the third nerve 
to the inferior oblique muscle (Cooper et al. 1951). 

The sites of the short latency responses are shown by @ in Text-fig. la 
and g. Such sites were not easy to find, for the anatomical pathway of 
these primary neurones was unknown, though we did know that the dis- 
charges first travelled from the eye muscles in the third, fourth and sixth 
nerves. Our earlier search was mainly concentrated on the neighbourhood of 
the nucleus of the third nerve, being bounded by the limits of the central grey 
matter and the tegmental region ventral to it. Our only unequivocal success 
in this region was from a point near the posterior commissure indicated by 
the symbol @ in Text-fig. 1a. This site was in the midline just dorsal to the 
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central grey matter over the cerebral aqueduct. It was defined accurately 
because after taking records we withdrew the needle without further advance 
and the histological preparation showed the tip of the track formed. Adjacent 
to the tip was at least one large cell of a rounded type characteristic of the 
cells of the mesencephalic nucleus of the fifth nerve, which are so numerous 
in more lateral positions. Large cells of this type in the ventral fringes of the 
posterior commissure are not uncommon in goats, but a histological study of 
many animals shows that they are so scattered that the chance of striking one 
with the needle tip is not great. Text-fig. 4 shows three records taken from the 


Text-fig. 4. Three responses to stretch of the superior oblique muscle in an intact goat recorded 
from a large mesencephalic nucleus type cell situated in the midline immediately ventral to 
the posterior commissure. The resting tension of the muscle was similar in each case. a: Weak 
stretch. There is a short latency, sustained discharge reaching a maximum rate of 100 impulses/ 
sec. b: Moderate stretch. A similar discharge, but a maximum rate of 250 impulses/sec is 
reached. ¢: Strong stretch. Again a similar discharge reaching a maximum rate of 
350 impulses/sec. Note in b and c that a pause follows the release of the stretch before the 
resting rate is re-established. Above: time 50 o/s; below: stretch signal. 


site in question in response to weak, medium and strong pulls on the superior 
oblique muscle. The responses could only be obtained by stretching this one 
muscle; stretch of the other eye muscles and of the jaw muscles failed to 
produce any response at this site. Each response has a very short latency. 
The onset of stretch is shown by an increase in the rate of discharge. The 
impulses reach a high frequency in the case of the medium stretch (Text-fig. 46) 
and a frequency of the order of 350 impulses/sec with the strong stretch 
(Text-fig. 4c). The rate of discharge then falls to a steady level dependent on 
the degree of stretch, adaptation being very slow. Release of stretch is shown 
at once by a slowing or even a cessation of the discharge, which then builds u 
to the previous resting rate. 
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Text-fig. 5a gives an example of a discharge from fibres isolated from 
a branch of the third nerve, as a result of stretching the inferior oblique muscle. 
Text-fig. 55 is another record from the mesencephalic nucleus cell ventral to 
the posterior commissure. The well-nigh identical appearance of these two 
records is clear. A close examination reveals slight irregularities of the impulses 
in the midbrain record. 

Our success at this site in the posterior commissure in a relatively early 
experiment led to much work on the central part of the midbrain, but we were 
unsuccessful in finding other primary neurones here. It was only at a later 
stage, when using decerebrate animals, that we decided to explore the pons 
and especially the areas near the pontine nuclei of the fifth nerve. Many of the 
responses in the more rostral regions had been remarkable for their long latencies 


Text-fig. 5. Responses to stretch of an eye muscle in intact goats. a: Peripheral response. 
Afferent discharges from a single large unit and several smaller units in a branch of the third 
nerve in response to stretching the inferior oblique muscle. Above: time 50 o/s; below: 
stretch signalled by condenser system. 5: Central response. Afferent discharge from the 
superior oblique muscle recorded from a large mesencephalic nucleus cell ventral to the 
posterior commissure. Below: stretch signal; time +}5 sec. . 


and rapid adaptation, but more caudally we found a greater number of responses 
of much shorter latency which were maintained during the stretch and were 
slowly adapting. It is possible to pick out some records of these responses in 
which the latency is very short, and the discharge is well maintained, con- 
forming in pattern with that seen in the peripheral nerve. The sites of these 
responses are shown by the symbols @ in Text-fig. 1g. The four sites are in the 
neighbourhood of many tracts, including fibres of the fifth nerve itself. Records 
from one of these sites are shown in Text-fig. 6a and b. The superior oblique 
muscle is under some tension, and several units are discharging before the 
stretch is applied. Text-fig. 6a shows that a rapid stretch causes a sharp and 
very early rise in the rate of discharge of one of the units; a high rate is 
maintained during the stretch, but it falls away at once when the stretch is 
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taken off. When the stretch is applied very slowly (Text-fig. 66) the latency 
is again seen to be short, but the rate of discharge only rises slowly as the 
stretch increases. The final rate is similar to the steady rate reached in a sharply 
applied stretch of the same degree. Without moving the recording needle the 
other muscles were stretched and gave apparently similar responses. However, 
analysis of these records showed that different units were responding to the 
stretch of these other muscles. Thus, the impulses shown in Text-fig. 6a and b 
are from one muscle only. The site from which these impulses were obtained 
lay in fibres just lateral to the bundles of the seventh nerve about 2 mm before 


Text-fig. 6. Responses to stretch of the superior oblique muscle in a decerebrate goat. Afferent 
discharges from a site in the brainstem just lateral to the emerging bundles of the seventh 
nerve and in the neighbourhood of the entering fifth nerve. a: Fast rate of stretch causing 
@ rapid increase in the rate of discharge to 400 impulses/sec. This rate adapts to about 
300 impulses/sec. 5: Slow rate of stretch (arrow indicates onset) to a similar final tension 
causing a steady increase in the rate of discharge to about 300 impulses/sec. Below: time 
50 o/s; stretch signal. 


its superficial origin from the brainstem. These fibres appeared to be part of 
the fifth nerve complex running along the length of the brainstem. The sweep 
of these fibres is indicated in the diagram Text-fig. 1g. In addition to these 
fibres, this region contains many longitudinally coursing fibres which cannot 
be named with certainty. 

In another experiment, at a site about 2 mm caudal to the one just described, 
a response was obtained with a short latency. Only the inferior rectus muscle 
gave this response, whilst stretching the other eye muscles brought in other 
units. The response to stretching the lateral rectus muscle was of short latency, 
but the responses set up by the other eye muscles were of slightly longer 
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latencies. The site of this needle tip appeared to lie in the same tracts as the 
site of the responses given in Text-fig. 6a and b. 

The two other more rostral sites shown in Text-fig. 1g were from successive 
runs of the same experiment, 1-0 mm apart and at the same depth. In both 
runs there were short latency responses to stretching an eye muscle. The 
record of one response to a stretch of the inferior rectus muscle is given in 
Text-fig. 7. The response recorded at the other site was from a stretch of the 
superior rectus muscle. Both these sites lay among the incoming fibres of the 
fifth nerve itself, immediately within the brainstem. As the needle tip 


Text-fig. 7. Response to stretch of the inferior rectus muscle in a decerebrate goat. Afferent 
discharge from fibres of the fifth nerve, within the brainstem. Stretch of the muscle causes 
an immediate burst of impulses at about 300/sec, followed by a somewhat irregular discharge. 
Below: time 50 o/s; stretch signal. 


advanced through the fibres of the fifth nerve we found many responses to 
stretching the eye muscles. They sounded immediate and sustained, but as we 
rarely got single units no photographic records were taken and we have 
entered open circles in the diagrams (Text-fig. 1g). Responses to jaw move- 
ments were only heard deep in both runs as the needle tip passed the caudal 
fibres of this section of the fifth nerve. 


DISCUSSION 
On stretching the eye or jaw muscles of the goat, varied single unit responses 
can be recorded in the brainstem. We have described here a small group of 
these responses whose pattern is indistinguishable from that detected by 
Matthews (1933) in a peripheral nerve fibre on stretching a mammalian limb 
muscle and ascribed by him to the response of the main sensory ending of 
a muscle spindle. The responses from stretching eye muscles closely resemble 
those we have described in fibres from the nerve to the inferior oblique muscle 
on stretching that muscle (Cooper e¢ al. 1951). A similar pattern of response 
was obtained on moving the jaw and thus stretching the jaw muscles. » 
31-2 
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These responses from both eye and jaw muscles have a low threshold to 
stretch, a short latency (below 5 msec), a high rate of discharge during the 
application of the stretch, a low adaptation rate and an immediate cessation 
or reduction in rate of discharge at the end of the stretch. In the case of the 
eye muscles a single unit could be excited by the stretch of one muscle only. 

The close similarity between the central responses, with these characteristic 
features, recorded from cells or nerve fibres within the brainstem, and those 
obtained from fibres of the peripheral nerve, justifies the conclusion that these 
responses are all derived from the primary sensory neurone. 

To judge whether a response from a muscle spindle was in a first neurone, 
several criteria were used. The pattern of response should be the same in all 
parts of the neurone, the latency should be dependent on the conduction rate 
in the axon, the response should be unaffected by anaesthesia and should be 
initiated by a single receptor or by a closely related group of receptors. 

The central and peripheral patterns of response recorded by us are strikingly 
similar (Text-fig. 5a and b). The central responses may be slightly less regular, 
but this is to be expected in the central nervous system. The ‘paired’ impulses 
seen in Text-fig. 55 are not uncommon and may be due to axon branching near 
the cell body, or more probably to some slight injury effect. Our experiments 
were not designed to detect small variations in latency, but we were impressed, 
in both the brainstem and peripheral nerve experiments, by the sensitivity of 
the muscle proprioceptors to stretch. These impulses, recorded from the first 
neurone, showed a remarkable absence of fatigue; in one experiment we 
recorded for over 2 hr, from a single unit, identical short latency responses to 
stretching an eye muscle. During this time there were certainly small varia- 
tions in the depth of anaesthesia. Finally, the short latency responses to 
stretching an eye muscle were from the stretch of one muscle only. The axon 
of a primary sensory cell body may branch to reach several endings in one 
muscle, but it is unlikely that it is connected with endings in different muscles. 

Responses to stretching a muscle are subject to modification at each suc- 
ceeding synapse. Longer latencies are due in part to synaptic delay, but rate 
of application of the stretch, inhibition, fatigue, anaesthetics and many other 
factors have to be considered. The release of stretch may be followed by after- 
discharge. The responses in an intermediate neurone may be initiated by the 
stimulation of proprioceptors connected with many different primary neurones. 
Responses showing some of these properties, and ascribed by us to second or 
later neurones, are discussed in a later paper (Cooper et al. 1953a). 

It has long been known, on histological evidence, that the cell bodies of the 
proprioceptors of the jaw muscles lie in the mesencephalic nucleus of the fifth 
nerve. Corbin & Harrison (1940) were able to detect action potentials in the 
mesencephalic root of this nerve on stretching the jaw muscles in cats. They 
used rather coarse electrodes and were unable to record the activity of single 
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units. On stretching the jaw muscles of the goat, we were able to obtain 
responses from a single unit which conformed with the characteristic pattern 
of discharge given by a muscle spindle when it is stretched. 

The symbols A indicating the sites from which we obtained short latency 
responses to stretching the jaw muscles (Text-fig. 1) outline the distribution 
of the mesencephalic nucleus of the fifth nerve. These sites, in the histological 
sections, often showed the needle track in contact with the cells of this 
nucleus. We have no hesitation in saying that.we were getting responses from 
the first neurones of the proprioceptors of the jaw muscles, and that the cell 
bodies of these proprioceptors form part of the mesencephalic nucleus of the 
fifth nerve, 

Movement of the intact eyeball may move adjacent parts of the jaw muscles 
in animals with an incomplete bony orbit, but we do not believe that the 
responses obtained by us on stretching an eye muscle can be due to pro- 
prioceptors in the jaw muscles. The curve in Text-fig. 8 shows a response, in 
the mesencephalic nucleus of the fifth nerve, to a stretch of the superior 
oblique muscle. The single unit discharging reaches a maximum rate of 
300 impulses/sec. This curve is similar to the one showing the response of 
a single unit, on stretch of the inferior oblique muscle, obtained from a fibre 
of the third nerve (Cooper ef al. 1951). Other records from the brainstem, 
obtained as a result of stretch of an eye muscle, show rates of up to 500 impulses/ 
sec. The curve in Text-fig. 9 shows the response of a single unit, recorded from 
the mesencephalic nucleus of the fifth nerve, to a movement of the jaw. The 
maximum rate of discharge is 80 impulses/sec. It is difficult to believe that an 
ending in a jaw muscle, which fires at 80 impulses/sec in response to an exten- 
sive movement of the jaw, could be made to discharge at rates of up to 
500 impulses/sec by small transmitted movements from pulling on an eye 
muscle in an orbit with the globe removed. Work on any animals except the 
primates must be open to the criticism that movements of the eye muscles may 
stimulate proprioceptive endings in the jaw muscles and vice versa, for it is 
only in man, apes and monkeys that there is a complete bony orbit. Monkeys 
do not have typical muscle spindles in their eye muscles, but they undoubtedly 
have other types of low threshold stretch receptors. In some experiments on 
these animals we have recorded sustained discharges in the midbrain in response 
to stretching an eye muscle. There can be no question here of the eye muscles 
pressing on the jaw muscles. 

We obtained no short latency responses to stretching an eye muscle from 
that part of the mesencephalic nucleus of the fifth nerve adjacent to the lateral 
part of the central grey matter. We did obtain such a response when the needle 
tip was close to one of the isolated cells of this nucleus adjacent to the dorsal. 
part of the central grey matter and ventral to the posterior commissure. We 
concluded that we were recording from this cell, which we took to be a primary 
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oblique muscle. Recorded from a large mesencephalic nucleus cell ventral to the posterior 
commissure. The heavy black line indicates the duration of the stretch; the dotted portion 
represents about half a second. The graph bears a very close resemblance to a graph of the 
response of a single unit in a peripheral fibre of the third nerve except that certain impulses 
appear in pairs. The reciprocals of the intervals between these impulses have been entered 
as open 


Time (sec) 


Text-fig. 9. Graph of the response of a single unit during stretch of the jaw muscles of intact 
goat. Recorded from a large cell of the mesencephalic nucleus on the edge of the central grey 
matter. The heavy black line indicates the duration of the stretch. 
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cell body of a muscle spindle sensory ending in the superior oblique muscle. 
These centrally placed cells are usually present in mammals, but are very 
scattered (Pearson, 19496). In the lower vertebrates many cells of the mesen- 
cephalic nucleus of the fifth nerve are found in this dorsal position (van Valken- 
burg, 1911). 

The sites within the brainstem of all the other short latency responses to 
stretching an eye muscle were close to the entry of the fifth nerve. Each 
response was that of a single unit which discharged on stretching one eye muscle 
only, being unaffected by stretch of the jaw or of other eye muscles. But stretch 
of the latter often brought in different units and the sites, in the histological 
preparations, showed needle tracks among close packed fibres. In these cases 
we assumed we were recording from fibres belonging to the fifth nerve complex. 

The ease with which we found the cells of origin of the proprioceptors of the 
jaw muscles and the difficulty in finding a cell of origin of the eye-muscle 
proprioceptors suggest that these latter cells must be somewhat sparse and 
scattered in the brainstem. Sensory type cells along the course of the third 
and sixth nerves of mammals have been reported by Tozer (1912) and Nichol- 
son (1924), but these cells were considered to be too few to provide cells of origin 
for the whole proprioceptive supply of the eye muscles. Cells have not been 
described on the peripheral parts of the fourth nerves, but large round cells 
are certainly present in the decussation of these nerves in the anterior medul- 
lary velum in the goat. Such cells have been noted in this position by many 
investigators, but they are more usually associated with the mesencephalic 
nucleus of the fifth nerve than with the fourth nerve (Pearson, 19496). It is 
possible that more sensory type cells are located along the proximal part of 
the fifth nerve (Allen, 1925; Stibbe, 1930; Peters, 1935). 

The primary cell bodies of the eye-muscle proprioceptors may lie as long 
scattered columns of cells starting as far rostrally as the posterior commissure 
and forming part of the mesencephalic nucleus of the fifth nerve within the 
brainstem. Outside the brainstem the columns are probably continued along 
the eye-muscle nerves themselves and possibly along the roots of the fifth 
nerve (Stibbe, 1930). There is still much to be learned about the so-called 
mesencephalic nucleus of the fifth nerve. If, as seems likely, this is a hetero- 
geneous nucleus containing sensory elements of several cranial nerves some 
of the conflicting views of its origin could be accounted for (Johnston, 1909; 
Piatt, 1945; Pearson, 19496). Many of the sensory type cells lateral to the 
central grey matter and those in the pontine region form part of the fifth nerve 
complex and are the primary cells of the proprioceptors in the muscles supplied 
by the motor nucleus of this nerve. These are some of the cells discussed by 
Pearson and derived, according to him, from the alar plate. They remain 
wholly within the central nervous system. Other sensory type cells, especially 
those dorsal to the central grey matter, may represent the buried posterior 


= 


488 SYBIL COOPER, P. M. DANIEL AND D. WHITTERIDGE 


root ganglia of the third, fourth and sixth nerves. These cells may have arisen 
from the neural crest and become embedded, while other similar cells have 
migrated peripherally to form small ganglia or scattered units along the course 
of these nerves (Tozer, 1912; Nicholson, 1924). It is of interest that a few 
sensory type cells have been seen in the dorsal root zone of many mammalian 
spinal cords and have been described as ‘equivalent to cells of the dorsal root- 
ganglion although placed in an intra-spinal position’ (Sherrington, 1890, p. 45). 

The pathways taken by the nerve fibres of the primary neurones of the eye- 
muscle proprioceptors may vary. Peripherally some lie in the eye-muscle 
nerves themselves and may continue in these nerves, having their cell bodies 
in the mesencephalic nucleus (Tarkhan, 1934) or along the eye-muscle nerves. 
Others of these afferent nerve fibres may join the fifth nerve in the cavernous 
sinus (Stibbe, 1929) and enter the brainstem by one of the roots of this nerve. 
According to Winckler (1937), in the goat, small nerve bundles from the eye 
muscles join branches of the fifth nerve in the orbit. Again the cell bodies may 
either have been situated peripherally or they may lie in the mesencephalic 
nucleus, Many of the nerve fibres from the proprioceptors of the eye muscles 
entering by the fifth nerve will take a rostral direction in the brainstem, but 
some, with peripheral cell bodies, may take a caudal direction. 

We have shown here that, in response to a stretch of a goat’s extrinsic eye 
muscle, some of the discharges from the muscle spindles, similar to the dis- 
charges found by us in the peripheral fibres of the third nerve (Cooper et al. 
1951), reach the brainstem. These central responses were essentially unaltered 
in pattern and had short latencies. They were obtained from an outlying part 
of the mesencephalic nucleus of the fifth nerve just ventral to the posterior 
commissure; from among the intramedullary fibres of the fifth nerve; and from 
just caudal to the entering fibres of the fifth nerve. All these sites are considered 
by present-day anatomists to be part of the fifth nerve complex. We would 
suggest that they are part of the sensory complex of the eye-muscle nerves. 


SUMMARY 


1. In goats, either under general pentobarbitone anaesthesia or decerebrated 
and under light pentobarbitone anaesthesia, the brainstem was explored with 
a microelectrode mounted in a stereotaxic machine. 

2. Afferent discharges in response to stretch of the jaw muscles and of the 
extrinsic eye muscles were sought. The sites from which such responses were 
obtained were determined histologically. 

3. Short latency sustained responses of the type produced by muscle 
spindles were recorded from the cells of the mesencephalic nucleus of the fifth 
nerve in response to stretching the jaw muscles. 

4. Similar short latency sustained responses were recorded from varying 
sites in the fifth nerve complex in the brainstem as the result of stretching the 
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extrinsic eye muscles. It is concluded that these responses come from muscle 
spindles in the extrinsic eye muscles, since their pattern was identical with the 
pattern of response obtained from peripheral fibres of the third nerve. 

5. The conduction rate in the third nerve was measured. 


The male goats used in these experiments were kindly given by Drs 8. J. Folley and A. T. Cowie 
of the National Institute for Research in Dairying. We are grateful to Mr R. Beesley for cutting 
and staining the very great numbers of serial sections needed in the work, and to Mr W. T. 8. 
Austin and Mr A. Austin for much technical and photographic help. 
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EXPLANATION OF PLATE 


Fig. 1. Untouched photomicrograph of a parasagittal section of the brainstem of an intact goat, 
about 3-0 mm lateral to the midline. This is a positive print and shows a single needle track 
which is black, owing to the staining of the red blood cells lying in the track. (Weil’s myelin 
stain. Section 100» thick.) 

Fig. 2. Untouched photomicrograph of a parasagittal section of the brainstem of a decerebrate 
goat, about 2-0 mm lateral to the midline. The right-hand edge of the section shows the 
actual line of decerebration, with complete sparing of the third nerve. This is an example of 
the ‘negative’ prints used throughout this work for the identification of needle tracks. Six 
needle tracks are seen as parallel white lines. The longest track passes through the superior 
colliculus, central grey matter, tegmental tract and superior cerebellar peduncle down into 
the pons. The rostral track illustrates the effect of a slight spontaneous movement made by 
the goat during the run. (Weil's myelin stain. Section 100, thick.) 

Fig. 3. Photomicrograph of a transverse section of the midbrain of a goat showing the strata of 
the superior colliculus. The heavily myelinated tegmental tracts are seen lyirig along the 
inferior part of the central grey matter, lateral to the nuclei of the third nerves. Some fibres 
of the third nerves pass out of the brainstem through the lightly stained red nuclei. (Weil’s 
myelin stain.) 

Fig. 4. Photomicrograph of a parasagittal section of the goat’s midbrain showing the ventral 
edge of the central grey matter (above) with three groups of cells belonging to the mesen- 
cephalic nucleus of the fifth nerve. These cells are lying on the fibres of the mesencephalic 
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NERVE IMPULSES IN THE BRAINSTEM OF THE GOAT. 
RESPONSES WITH LONG LATENCIES OBTAINED BY 
STRETCHING THE EXTRINSIC EYE MUSCLES 


By SYBIL COOPER, P. M. DANIEL anp D. WHITTERIDGE 
From the Uniwwersity Laboratory of Physiology and Nuffield Department of 
Surgery, University of Oxford, and Department of Pathology, Radcliffe 
Infirmary, Oxford 


(Received 15 September 1952) 


In the preceding paper (Cooper, Daniel & Whitteridge, 1953) we have described 
the short latency responses obtained in the brainstem of the goat as a result of 
stretching the extrinsic eye muscles or the jaw muscles. Stereotaxic methods 
and a microelectrode were used. In the course of this work many impulses 
were detected which were initiated by stretching the eye muscles, but which 
in their latency, and often in their character, neither conformed with our 
criteria of the responses of a low threshold stretch receptor nor resembled 
exactly the responses obtained by us in single fibres of the branch of the third 
cranial nerve when we stretched the inferior oblique muscle of the goat 
(Cooper, Daniel & Whitteridge, 1951). The responses to be described in the 
present paper were remarkable for their wide variation in latency, which 
ranged from 20 to 200 msec, and for their variation in character. We shall 
attempt to describe the different types of response and to identify histologically 
their sites in the brainstem, relating, as far as possible, the physiological results 
to the anatomical findings. 
METHODS 


The methods and materials used are fully described in the preceding paper. All the experiments 
were made on goats which were either under pentobarbitone anaesthesia with an intact brain or, 
in the later work, were decerebrated at the colliculo-pulvinar border and given small doses of 
pentobarbitone in an intravenous saline drip. The stimulus in all cases was a stretch to an 
extrinsic eye muscle detached from the globe. Each muscle could be stretched in turn. The globe 
itself was often removed. The stretch was applied by hand through a lever which recorded the 
pull by the change in capacity between fixed and movable plates. The stretch usually lasted from 
0-25 to 1 sec. The muscle being tested was kept under a slight tension. 

The estimation of latency was nearly always made from photographic records, invariably so in 
the case of short latencies. In the course of the work many positive responses were obtained that 
were unequivocal on the loud-speaker and usually seen on the cathode-ray tube, but owing to 
small size, a noisy background, multiple units, or economy of time and material, were not photo- 
graphed. Such responses are entered as open circles in the diagrams given in the previous paper 
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(Cooper ef al. 19534, text-fig. 1). No atterapt has been made to enter negative results, or to 
indicate the number of runs in any particular area. Some idea of the number of runs in an area 
can be gained from the plan given in text-fig. 2 (Cooper et al. 19534). Negative results may vary 
from experiment to experiment, according to the condition of the animal, the insulation of the 
microelectrode, and the depth of the run. The runs had, to some extent, to be random, depending 
on the speed of striking known regions at the start of the experiment, on the time factor in 
experiments lasting many hours, and on the need for spacing of runs to facilitate later histological 
identification of needle tracks. 

The electrical records were classified into groups of comparable pattern, and an attempt was 
made to relate these groups to particular anatomical structures. To give the approximate site 
from which a record is obtained is relatively easy; to identify the exact structure is extremely 
difficult. Certain large cells may give characteristic responses and are easily identified histo- 
logically, but more often there is a network of fibres, since tracts running in all directions interlace 
with each othe in their passage through the brainstem, and identification of individual groups of 
fibres is difficult. 


RESULTS 

In describing the results, two courses are open: we can either group the 
electrical records into types and give examples of each type in turn, or we can 
take the different regions of the brainstem and describe the records obtained 
from each region. The second method has the advantage that it links the 
record with the region and perhaps makes it easier to get a grasp of the 
problem before us in interpreting the results. If the regions are dealt with 
mainly in a rostro-caudal direction, then the descriptions will roughly follow 
the order of our experiments, since the bulk of the early work was in the 
neighbourhood of the nucleus of the third nerve, and the most recent work 
was near the pontine nuclei of the fifth nerve. 

The diagrams given in Cooper e¢ al. (19534, text-figs. 1 and 2) are frequently 
referred to, and should be consulted when reading these results. 


The eye-muscle nuclei 

In the early stages of the work the nucleus of the third nerve was investigated. 
The fact that the needle tip was in the nucleus could usually be recognized by 
the nature of the spontaneous discharge (Cooper, Daniel & Whitteridge, 19535). 
It was further confirmed by sending a stimulus through the needle and noting 
the threshold for eye-muscle twitches. Only the very low thresholds proved 
to be significant, and it was found to be inadvisable to use stronger stimuli, 
since they caused considerable damage and oedema to the surrounding 
nervous tissue. A further check on the position of the needle tip could be got 
by sending a stimulus up the nerve from the inferior oblique muscle and 
recording the action potential in the midbrain. As the needle tip passed through 
the path of the current in the midbrain the action potential went through 
changes of growth, reversal and diminution. The largest potentials of 750 pV 
to 1-0 mV came from the middle of the nucleus itself, presumably from the 
neighbourhood of the cells supplying the inferior oblique muscle. But, owing 


to the use of maximal stimuli, large polyphasic potentials could also be 
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obtained when the needle tip travelled past some of the intramedullary 
branches of the third nerve. 

The very marked spontaneous discharges in the nucleus of the third nerve 
led to @ great rise in the noise level when the needle tip entered this structure, 
particularly so in the earlier experiments when a somewhat coarse micro- 
electrode was used. Many varied responses to stretching an eye muscle were 


Fig. 1, Response from a stretch of the superior oblique muscle recorded from the rostral end of 
the nucleus of the third nerve in a decerebrate goat. Several units are discharging spon- 
taneously. The stretch has little effect on the large unit, but one or more of the smaller units 
discharge rapidly about 50 msec after the onset of the stretch. Below: time in 50 c/s; stretch 
signalled by condenser system. 

Fig. 2. Response from a stretch of the superior oblique muscle recorded from either the ventral 
| part of the nucleus of the third nerve or from a fibre of the third nerve, near the nucleus, 
in an intact goat. A large unit gives four impulses starting 80 msec after the onset of the 
stretch. Above: time in #5 sec; below: stretch signal. 


Fig. 3. Response from a stretch of the inferior rectus muscle recorded from a fibre of the sixth 
nerve close to its nucleus in a decerebrate goat. Amplification much reduced. The single unit 
starts to discharge 60 msec after the onset of the stretch and outlasts the stretch. Below: 
time in 50 o/s; stretch signal. 


heard in the nucleus, but the background activity often made it impossible to 
get good photographic records. These responses are mostly entered as open 
circles in text-fig. 1b of Cooper et al. (1953a). In those responses which we were 
able to record, the latencies varied from 40 to 180 msec. It was often impossible 
to say, from the histological material, whether these responses came from the 
cells, or from the fibres entering and leaving the nucleus, since these structures 
are inextricably mixed up. Two records are given in Figs. 1 and 2; the first was 
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obtained in response to a stretch of the superior oblique muscle when the 
needle tip was in the nucleus itself; the response to a stretch of the same muscle 
shown in the second record may come from fibres of the third nerve just ventral 
to the nucleus. The varied responses obtained from the nucleus of the third 
nerve suggest responses in second or later neurones; we never heard a sus- 
tained short latency response to a stretch and concluded that the first 
neurones lay elsewhere. 

No good records were obtained from the nucleus of the fourth nerve, but it 
appeared to behave in much the same way as the nucleus of the third nerve. 
A few runs were made through and near the nucleus of the sixth nerve. The 
record shown in Fig. 3 was taken in a decerebrate animal, in response to a 
stretch of the inferior rectus muscle; the needle tip was near the ventral edge 
of this nucleus, possibly in emerging fibres of the sixth nerve. The response has 
a latency of 60 msec, and in many ways bears comparison with the response, 
given in Fig. 2, which came from a similar situation in the nucleus of the third 
nerve in an intact animal. 

It is of interest that no responses to stretch of the jaw muscles were ever 
heard or recorded in the nuclei of the eye-muscle nerves. 


Regions adjacent to the nucleus of the third nerve 

The nucleus of the third nerve is bounded dorsally by the central grey 
matter (which was usually silent in our experience), ventrally by the medial 
longitudinal fasciculus through which course the third nerve fibres, and 
laterally by the central tegmental tract. Each of the two latter regions will 
be dealt with in turn, since both yielded results of some interest. 

Medial longitudinal fasciculus. Parasagittal sections show how the medial 
longitudinal fasciculus takes up a more ventral position in part of the midbrain 
in order to form a bed for the nuclei of the third and fourth nerves. It is 
certainly a heterogeneous tract for, besides the descending fibres from the 
interstitial nucleus of Cajal and the ascending fibres from the more caudal 
regions of the brainstem, it has been credited with connexions with most 
neighbouring structures. A needle tip in the middle of the fasciculus might 
pick up impulses from many sources and a high noise level would result. This 
was indeed the case, the dominating spontaneous discharge often being in the 
form of high frequency bursts recurring at about 7-15/sec. This pattern of 
discharge, or ‘train’ noise, was associated in our experience with cerebellar 
pathways (Cooper e¢ al. 19536). In the compact part of the fasciculus it was 
almost impossible to distinguish any effects in response to stretching an eye 
muscle. But on the edges, or in the region rostral to the nucleus of the third 
nerve, where the fasciculus is fanning out, it was often possible to pick up 
single units that were brought in or altered in pattern in response to such 
a stretch. A few of the responses showed latencies of 40-100 msec and were 


a 


DELAYED CENTRAL RESPONSES FROM EYE MUSCLES 495 


either in the form of a short high-frequency burst or a unit responding slowly 
throughout the greater part of the stretch. Much more frequent were the 
responses with latencies of 100-180 msec. These were often repetitive bursts 
initiated by the stretch but unrelated to the release of the stretch. The record 
in Fig. 4 shows absence of spontaneous discharge; the onset of the stretch 
brings in a unit which gives a double burst of impulses starting off at a high 
rate. In the graph in Fig. 6 a similar response is represented, but in this case 


Fig. 4. Response from a stretch of the superior oblique muscle recorded from the edge of the 
medial longitudinal fasciculus rostral to the nucleus of the third nerve in an intact goat. 
At 160 msec after the onset of the stretch there is a short high-frequency burst of impulses 
followed by a pause and then a further, rather longer burst. Above: time in +}4 sec; below: 
stretch signal. 

Fig. 5. Response from a stretch of the superior oblique muscle recorded from the medial longitudinal 
fasciculus rostral to the nucleus of the third nerve in a decerebrate goat. 150 msec after the 
onset of the stretch a single unit gives three bursts of 3, 4 and 1 impulses respectively. Below: 
time in 50 o/s; stretch signal. 


the unit was discharging spontaneously. A third example is given in Fig. 5; 
here there is no spontaneous discharge, the stretch bringing in a unit that 
discharges at a slow rate with the impulses in three groups. The sites of these 
and similar responses are entered as the symbol ® in text-fig. 1b and c of 
Cooper et al. (1953a). These repetitive discharges could often be obtained in 
response to the stretch of each extrinsic eye muscle in turn. They were found 
in decerebrate as well as in intact animals. The first burst of each response 
always showed the fastest rate of discharge and usually lasted the shortest 
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time. The time relation between the repetitive bursts was of the order of 
7-15/sec. 

We have no of positive reaponses to stretch of eye muscles from any 
part of the medial longitudinal fasciculus caudal to the nucleus of the fourth 
nerve. Some runs were made through the fasciculus near the nucleus of the 
sixth nerve and the notes mention ‘train’ noises and responses to stretching 
an eye muscle. At two points in the fasciculus near the nucleus of the third 
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Fig. 6. Graph of the response of a single unit during stretch of the inferior oblique muscle recorded 
from the medial longitudinal fasciculus rostral to the nucleus of the third nerve in an intact 
goat. There is a spontaneous discharge, and 180 msec after onset of the stretch, there is 
a short high-frequency burst of impulses followed by a second burst reaching a lower rate. 
These bursts are related to the onset of the stretch, and not to its release. The thick black 
line shows the onset, duration and release of the stretch. 


nerve, and two near the nucleus of the sixth nerve, pulls on each eye muscle 
_ caused inhibition of the resting discharge. Fig. 7 shows a record of such 
inhibition. In another example, which is not illustrated, a pull on the inferior 
oblique muscle of the contralateral eye caused inhibition of a unit after 30 msec, 
when the needle tip was in the fasciculus near the nucleus of the sixth nerve. 

Ventro-lateral to the fasciculus lie the third nerve bundles on their way to 
the exterior through the red nucleus. Many long latency responses were 
detected here and some of them we have reason to think were in the fibres of 
the third nerve. In one run the needle tip passed through three small areas 
from which good discharges could be obtained, but the small intervening areas 
were silent. A careful histological study of the track showed that the needle 
tip had crossed three third-nerve bundles during this part of the run. The short 
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late burst shown in Fig. 8 was probably from fibres of the third nerve below 
the nucleus. 

Central tegmental tract. The central tegmental tract of the midbrain is a large 
structure in the goat, and a study of text-fig. 1c and d (Cooper et al. 19532) 
suggests that it is an important pathway for impulses from eye-, jaw- and 
body-muscle proprioceptors. It is well situated to receive fibres from the 
mesencephalic root of the fifth nerve, and to send fibres either directly into 
the nuclei of the third and fourth nerves, or into the medial longitudinal 
fasciculus adjacent to these nuclei. It probably has even closer relations with 


Fig. 7. Response from a stretch of the superior oblique muscle recorded from a site just ventral 
to the nucleus of the fourth nerve in a decerebrate goat. The spont discharge is inhibited 
90 msec after the onset of the stretch. The inhibition continues for the remainder of the 
stretch, then the unit begins to discharge again slowly. Below: time in 50 o/s; stretch signal. 

Fig. 8. Response from a stretch of the superior oblique muscle recorded from fibres of the third 
nerve within the brainstem. There is a single high-frequency burst of impulses 160 msec after 
the onset of the stretch. Below: time in 50 c/s; stretch signal. 


the fasciculus just rostral to the nucleus of the third nerve. For here, as the 
fasciculus fans out laterally, the two tracts may interweave. In this rostral 
region the eye-muscle responses tend to have long (over 100 msec) latencies 
and are often repetitive. In this latter respect they resemble the responses in 
the fasciculus and may well come from fibres of the fasciculus which are running 
with the tract. In the length of the tract between the fourth nerve and this 
forward area, many eye-muscle responses were noted and, when recorded, had 
latencies between 30 and 100 msec. The record shown in Fig. 9 comes from 
this region. The unit is firing irregularly both at rest and during the stretch, 
but after a latency of 30 msec there is a rapid burst of impulses and an 
increased rate of discharge is maintained during the stretch, with perhaps 
a suggestion of a pause at the release of the stretch. Stretching all the eye 
muscles of the ipsilateral eye gave & similar response, as did rotation of the 
opposite eye. This response is of interest, for in spite of its irregularity and its 
latency it does bear some resemblance to a short latency response (Cooper 
et al. 1953a).. 
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Caudal to the fourth nerve the tegmental tract takes a ventro-lateral direc- 
tion and is not such a compact bundle as it is in the midbrain. It probably 
forms an element in the group of tracts running close to the nucleus of the 
seventh nerve, and we shall deal with it later when considering the lateral 


pontine region. 


— 


Fig. 9. Response from stretch of medial rectus muscle recorded from the central tegmental tract 
ventral to the inferior colliculus in an intact goat. There is an irregular spont discharge. 
40 msec after the onset of the stretch there is a burst of impulses at a very high rate which 
falls to a slower, irregular rate during the stretch. There is a short after-discharge. 
time in 50 c/s; below: stretch signal. 


Other midbrai 

The dorsolateral and lateral borders of the central grey matter. The most striking 
structures on the edge of the central grey matter are the large round cells which 
make up the mesencephalic nucleus of the fifth nerve. They are extremely 
useful for identifying the position of the needle tip, for they give good physio- 
logical responses and are easily seen histologically. The majority of them 
are the sensory cells of the muscle spindles of the jaw muscles, and the 
symbols A of text-fig. 1 (Cooper et al. 1953.) outline the main extent of this 
nucleus. But it is a very scattered nucleus with a number of outlying cells. 
The identification of one of these in the posterior commissure as the sensory 
cell of an eye-muscle proprioceptor (Cooper et al. 1953.4), and many speculations 
in the literature led us to search the borders of the central grey matter with 
care. The presence of the superior colliculus, which is primarily concerned with 
light reflexes, immediately dorsal to the central grey matter and the central 
position of the eye-muscle nuclei within the grey matter must mean that many 
of the fibre tracts in the tectal region are concerned with these structures. But 
again there is much interweaving of tracts, and it is often impossible to define 
a tract exactly or to know in which direction an impulse is travelling. 

The borders of the central grey matter in text-fig. 1 (Cooper et al. 1953a) 
show many circles, but it proved an unsatisfactory region from which to get 
records in response to eye-muscle stretches. The excellence of the jaw-muscle 
responses made the eye-muscle responses seem less good, and so we did not 
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photograph them. Such eye-muscle responses as we recorded were of a rather 
indeterminate type, with latencies usually between 50 and 100 msec. It is of 
importance to stress here that on the many occasions when we got responses 
from stretching the jaw and eye muscles they were never obtained with the 
needle tip in the same spot. We often got a jaw response and then moved the 
needle tip slightly, thus losing the jaw response but obtaining an eye-muscle 
response instead. It is also of interest that the eye-muscle responses often 
appeared to be best from one particular muscle, or were only given by one 
muscle. 


Fig. 10. Response from stretch of the superior oblique muscle in an intact goat recorded from 
fibres bounding the narrow part of the central grey matter and ventro-lateral to the posterior 
commissure. 50 msec after the onset of the stretch a large spontaneous unit, discharging at 
8 impulses/sec is speeded up to about 75 impulses/sec. This rate is not maintained. Above: 
time in 100 mseo; below: stretch signal. 


There is a caudal region of central grey matter bounded by the superior 
cerebellar peduncle, the central tegmental tract, and the fibres of the fourth 
nerve where there are many somewhat scattered cells of the mesencephalic 
nucleus of the fifth nerve. The area is best seen in text-fig. 1d (Cooper et al. 
1953a) ventral to the inferior colliculus. Some responses from stretching the 
jaw muscles were obtained here, but in our experience this was a region rich 
in responses to eye-muscle pulls. They occurred quite separately from the jaw 
responses, and often only one muscle gave responses or was much better than 
the others. It was not always the superior oblique muscle that gave these 
responses. The latencies here were shorter, averaging 40 msec, and the responses 
were sometimes sustained. 

Most of the fibre tracts adjacent to the central grey matter undoubtedly 
transmit impulses set up by. eye-muscle pulls. In the fibres bounding the 
narrow part of the grey matter which lies immediately ventral to the posterior 
commissure, large numbers of responses from these muscles were found. These 
responses varied in type and latency, suggesting that they were being picked 
up from several anatomical pathways. A record is shown in Fig. 10 taken from 
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the more ventral part of this pathway; the spontaneous discharge is speeded 
up after 50 msec by two bursts of 4 and 2 impulses respectively. A very similar 
pattern, except that the latency was 110 msec, was obtained from a site almost 
immediately dorsal to that of Fig. 10, suggesting that the same group of fibres 
might be involved. Many eye-muscle responses were picked up throughout 
the length of runs just lateral to the central grey matter, as can be seen in 
text-fig. 1e (Cooper et al. 19534). These responses mostly had medium latencies 
(40-100 msec) and tended to show a slow rate of discharge. 

Superior colliculus. In six different animals definite responses to stretching 
an eye muscle were heard when the needle tip was in the fibre layers of the 
superior colliculus. In four animals similar responses were heard among the 
pretectal fibres that are an extension of the stratum opticum of the colliculus. 
These responses were heard against a very noisy background of spontaneous 
discharge and were not suitable for photography. They were not therefore 
investigated extensively. In one case we were able to get a record from a site 
just ventral to the colliculo-pulvinar border; the latency of response to 
stretching an eye muscle was about 100 msec. The site is entered as the 
symbol @ in text-fig. 1¢ of Cooper et al. (1953a); the other sites are entered as 
open circles in text-fig. 1b-f. 

Ventral tegmental region. We did not explore this region thoroughly, but in 
the plane shown in text-fig. 1d (Cooper et al. 1953a) spontaneous discharges 
were often found, and these were several times inhibited by pulls on eye 
muscles. The positive responses which we obtained in this region from stretching 
eye muscles always showed a latency of over 100 msec. 

Superior cerebellar peduncle. Before passing to the pontine regions mention 
must be made of the superior cerebellar peduncle. We have a number of 
records, showing the effect of stretching an eye muscle, from these fibres. The 
responses are all repetitive, but some, unlike the responses from the medial 
longitudinal fasciculus already described, have fairly short latencies. There 
may be a spontaneous discharge showing small groups recurring at 7-13 times 
a second. When a stretch is applied to an eye muscle the number of impulses 
in each group may be increased. Fig. 11 shows an example of this type of 
response. The pull causes a very fast burst of impulses after a latency of 
30 msec. The response in Fig. 12 came from the region where the peduncle 
crosses the tegmental tract and it is not possible to assign it with certainty to 
one of these structures. It should be compared with the record in Fig. 4 from 
the medial longitudinal fasciculus near the nucleus of the third nerve. 


Regions adjacent to the pontine nuclei of the fifth nerve 
In the later stages of our work we realized that we ought to extend the field 


of our investigations and we began to explore the pontine region, more 
especially its lateral part. The region medial to the main sensory nucleus and 
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near the motor nucleus of the fifth nerve is a rewarding one for finding eye- 
muscle responses. The mesencephalic root of the fifth nerve and part of its 
nucleus can be traced physiologically in this region by the short latency 
responses to jaw stretch. Records of many such responses were obtained; 


Fig. 11. Response from stretch of the superior rectus muscle recorded from the fibres of the 
superior cerebellar peduncle. There is a spontaneous discharge of small groups of impulses 
recurring at about 13/sec. 30 msec after the onset of the stretch there is a high-frequency 
burst of impulses, about 500/sec. Above: time in 50 c/s; below: stretch signal. 


Fig. 12. Response from stretch of the superior rectus muscle recorded from the interlacing fibres 
of the central tegmental tract and the superior cerebellar peduncle in a decerebrate goat. 
180 msec after the onset of the stretch there is a short high-frequency burst of impulses, then 
& pause followed by a much longer burst of impulses falling off in rate. Below: time in 

50 c/s; stretch signal. 


seen in text-fig. le (Cooper et al. 1953a). Very few eye-muscle responses were 
found among the jaw responses. No afferent responses of any kind were found 
in the motor nucleus of the fifth nerve, though spontaneous discharges of large 
motor cells were taking place. Our most caudal runs went through the rostral 
end of the nucleus of the seventh nerve (text-fig. 2, Cooper et al. 1953a). This 
nucleus gave no afferent responses to pulls, but there were spontaneous 
discharges of a large diphasic type which made the nucleus a useful physio- 
logical landmark. Laterally we reached the region near the exit of the seventh 
nerve from the brainstem. | 
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Many fibre tracts sweep ventral to the motor nucleus of the fifth nerve, 
dividing to pass round the emerging root of the seventh nerve and more 
caudally round its nucleus. These fibres provided the richest region for good 
eye-muscle responses that we have met so far. Many of the responses were 
associated with low threshold receptors, for afferent discharges were recorded 
at the slightest touch of the muscle. The records showed good single units, the 
discharge was well sustained, and the pattern of discharge often closely 
resembled the short latency discharges found in our most lateral runs and 


Fig. 13. Response from stretch of lateral rectus muscle recorded from the longitudinal fibres just 
ventro-caudal to the motor nucleus of the fifth nerve in a decerebrate goat. 40 msec after 


the onset of the stretch there is a high-frequency discharge which adapts slowly and a some- 
what irregular discharge is maintained throughout the stretch. Below: time in 50 o/s; stretch 


signal. 

Fig. 14. Response to stretch of the inferior oblique muscle recorded from the longitudinal fibres 
close to the rostral end of the nucleus of the seventh nerve in a decerebrate goat. The discharge 
starts 50 msec after the onset of the stretch. There is an early rapid burst of impulses followed 
by a sustained discharge which outlasts the stretch. Above: time in 50 o/s; below: stretch 
signal, 


described in the previous paper, but in nearly every case there was a distinct 
latency of 20-50 msec. The sites of these responses are shown by the symbol @ 
in text-fig. 1d-g (Cooper et al. 1953a). 

The record given in Fig. 13 was obtained in response to stretching the lateral 
rectus muscle when the needle tip was in the longitudinal fibres which sweep 
ventral to the motor nucleus of the fifth nerve just after they have passed 
caudal to the emerging seventh nerve. It should be compared with the record 
in Fig. 9, which was obtained from the tegmental tract in its more rostral 
part. The record in Fig. 14 was taken with the needle tip more ventral in the 
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longitudinal fibres that run past the superior olive just before they divide to 
enclose the nucleus of the seventh nerve. The record in Fig. 15 shows a latency 
of 20 msec on stretching the superior rectus muscle. The response is very regular 
and well sustained; in pattern it is noticeably similar to the short latency 
sustained discharges described in the first paper, and we debated whether to 
include it amongst the short latency records. We excluded it because the 
response could be obtained on stretching each muscle in turn. The position of 
the needle tip was dorsal to the spinal root of the fifth nerve in the somewhat 


16 


Fig. 15. Response from a stretch of the superior rectus muscle recorded from a site dorsal to the 
spinal root of the fifth nerve in the area between the superior and inferior cerebellar peduncles 
infa decerebrate goat. The regular sustained discharge begins 20 msec after the onset of the 
stretch and continues throughout the stretch, falling in rate on the release. Below: time in 
50 o/s; stretch signal. 

Fig. 16. Response from a stretch of the superior rectus muscle recorded from fibres running lateral 
to the nucleus of the seventh nerve in a decerebrate goat. The discharge starts 40 msec after 
Below: time in 50 c/s; stretch signal. 


triangular area enclosed by the inferior and superior cerebellar peduncles shown 
in text-fig. 1f (Cooper et al. 1953a), lying among cells and criss-cross nerve 
fibres, some of which appeared to belong to the inferior cerebellar peduncle. 
But the fibres were so closely interwoven that it was impossible to be sure of 
the exact structure from which the discharge came. The record shown in 
Fig. 16 is included because it was our most caudal record and was from fibres 
running just lateral to the nucleus of the seventh nerve (text-fig. 1g, Cooper 
et al. 1953a). The position of the needle tip suggests that these impulses may 
have been travelling to or from structures in the medulla or cord. 

In this pontine region we found no repetitive bursts, nor did we find responses 
to eye-muscle pulls with medium latencies of 50-100 msec. The diagrams show 
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that a distinct of longer latency responses was obtained lateral to the 
caudal end of sis ingle nucleus and near the rostral end of the spinal nucleus 
of the fifth nerve. The pattern of discharge varied considerably, for there were 
sometimes long, fast discharges of impulses with a latency of 100-150 msec, 
sometimes there were brief bursts of only a few impulses with a similar latency. 
Another pattern of discharge is shown in Fig. 17, where the latency is 180 msec 
and there is a slow discharge at about 8/sec, adapting slowly and outlasting 
the stretch. . 


Fig. 17. Response from a stretch of the inferior oblique muscle recorded from a site lateral to the 
caudal end of the motor nucleus and near the head of the spinal nucleus of the fifth nerve in 
a decerebrate goat. A slow discharge starts 180 msec after the onset of the stretch and 
continues during the stretch and after its release. Above: time in 50 c/s; below: stretch 
signal. 

Fig. 18. Response from a stretch of the inferior oblique muscle recorded from the longitudinal 
fibres ventral to the motor nucleus of the fifth nerve in a decerebrate goat. The spontaneous 
discharge is inhibited as soon as the stretch goes on, but starte up again after 600 msec. 
Below: time in 50 c/s; stretch signal. 


A few examples of inhibition of a spontaneously discharging unit by pulls 
on an eye muscle were found in the fibres that sweep caudally to run ventral 
to the motor nucleus of the fifth nerve; their sites are given by the symbol © 
in text-fig. 1e-f (Cooper et al. 1953a). Fig. 18 shows one example in which the 
inhibition may be immediate, lasting for 0-6 sec. The unit then begins to dis- 
charge again before the end of the stretch. 


DISCUSSION 
The results described in this paper were obtained during a search for the 
primary neurones of the goat’s eye-muscle receptors. We feel that they are of 
sufficient interest to warrant discussion, but much further work needs to be 
done before they can be fully understood. We were sending into the brainstem 
discharges, some of which conform to a known pattern, i.e. those from the 
muscle spindles of the extrinsic eye muscles. We have picked up, at many 
different sites, discharges of various other patterns, but all initiated by pulling 
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on an eye muscle. Our purpose in this discussion is to see if we can relate the 
various brainstem discharges with the discharges in the peripheral nerves 
when both are in response to the same kind of stimulus. If we can find such 
relationships, then it may be possible to gain some knowledge of the nervous 
pathways involved and to draw some conclusions about the functional 
significance of eye-muscle proprioceptors in an intact animal. 

Stretching an eye muscle may cause discharges from some or all of the 
stretch endings. Those from the muscle spindles were easiest to detect in the 
fibres of the third nerve of the goat (Cooper et al. 1951), and we have assumed 
here that these short latency sustained discharges from muscle spindles always 
reach the brainstem, as described in our previous paper (Cooper et al. 19532). 
When the stimulus is a rapid stretch and the muscle reaches a high tension, 
discharges from tendon organs and other possible stretch endings may also be 
initiated. Some of these endings are known to have high thresholds, and thus 
their responses have longer latencies, but it may be difficult to distinguish 
between spindle and tendon organ responses if active contraction is not used 
as a stimulus (Matthews, 1933). 

Once the discharge from the receptor has passed the first synapse, its pattern 
may change, for many other influences can act upon all the synapses in its 
pathway. We have used no such means as synchronous volleys into the 
group I afferent fibres from the muscle, or activation of the motoneurones by 
antidromic volleys to facilitate the passage of discharges from the afferent to 
the efferent side of the arc. Indeed, such methods become increasingly difficult 
when there is no certain means of separating the afferent and efferent supplies 
of the muscle, as is the case with the eye muscles. Our stimulus has been 
a stretch so that the muscle reaches a medium or low final tension, and we 
consider that.this is not unlike the natural stimulus to a muscle when its 
antagonist contracts. The muscles were not set up to reveal small reflex 
changes in tension, though in some cases when we put fine needle electrodes 
into them a few muscle units were found to be firing. We are therefore dependent 
on the discharge of a single neurone or small group of neurones within the 
brainstem to give us a sample of the changes undergone by the primary 
patterns at the particular site of the needle tip. 

The afferent discharges from the various types of receptors in a muscle can 
set up very different trains of impulses in the nervous system. Thus, we may 
expect interplay of excitation and inhibition initiated by the muscle’s own 
receptors (Hunt, 1952) at quite early synapses in the pathway of any particular 
discharge from that muscle. We tend to assume that many of the sensory 
discharges from a muscle will be taking a relatively short pathway to the 
motor nuclei, but in reality, especially in the intact and unanaesthetized 
animal, many discharges must go to other centres. It is known that proprio- 
ceptive discharges may go very quickly to localized areas of the cerebellum 
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(Grundfest & Campbell, 1942; Adrian, 1943; Brookhart, Moruzzi & Snider, 
1950). The sensory cortex receives proprioceptive messages, but these are 
usually brief bursts of impulses, even though there is a prolonged discharge in 
the peripheral nerve from the stretch afferents of the muscle (Adrian, 1941). 
Discharges from eye muscles probably have fairly direct pathways to the 
vestibular nuclei, the superior colliculi, the centres for the neck muscles, and 
other regions of the central nervous system. The point to be emphasized here 
is that each of these centres may send back impulses which play upon the more 
direct neurones which connect the afferent and efferent nerve fibres of a muscle. 
They thus offer to the afferent discharges from the muscle a multitude of 
parallel pathways through the nervous system. Those trains of discharges 
which eventually reach the final motoneurone, or more probably a pre-moto- 
neuronal pool, may do so very much altered in pattern and with very varied 
latencies. 

Almost all our experiments were carried out under pentobarbitone anaes- 
thesia of varying depth, and this may well have been a significant factor in 
the results. We occasionally tried to use trichlorethylene, quick-acting barbi- 
turates or chloralose, but found them unsuitable for our purpose owing to the 
large amount of background noise in these experiments. Some pentobarbitone 
was given to our decerebrate animals. This helped to decrease the noise level, 
apart from its being necessary in those goats with rather forward decerebrations. 

There is much scope for a more detailed study of the effects of different 
anaesthetics when a number of synapses are involved. Adrian (1941) gives 
a useful survey and speaks of the blocking effects of dial in his control experi- 
ments. There is evidence accumulating from many other workers that the 
barbiturates may cause much central delay. We certainly found that many of 
the responses to stretching an eye muscle had very long latencies; these may 
well have been in part due to the anaesthetic used. The depth of anaesthesia 
and the general condition of the animal are of great importance in this kind 
of work. It was noticeable that certain patterns of discharge were more easily 
obtained in some animals than in others. The same site in another animal 
might yield rather indeterminate responses to similar stimuli. It is probably 
true to say that for identical sites in two animals to give identical patterns of 
response to a stimulus the conditions of the animals and the depth of the 
anaesthesia had to be similar in the two cases. 

It is generally agreed by ophthalmic surgeons that pulling on eye muscles 
in patients with local anaesthetics applied to the cornea is painful and liable 
to cause vomiting. The possibility that painful impulses are set up by pulling 
the periosteum at the origins of the eye muscles has been often in our minds. 
The best records of pain impulses in the long ciliary branch of the fifth nerve 
are those of Tower (1940) obtained from stimulation of the cornea. These 
records may show an initial burst beginning after a latency of 20-40 msec. 
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This is followed by a slightly irregular tail which may last several seconds. 
We have not been able to exclude the possibility that some afferent discharges, 
with latencies of 20-40 msec, may in part have arisen from periosteal pain 
endings. We are not concerned with pain fibres arising from any part of the 
globe, since a high proportion of our experiments were done after its removal. 
While we must admit the possibility of pain fibres subserving ischaemic pain 
and arising in eye muscles, we doubt if they need be considered in the responses 
to short pulls lasting a second or less. In the course of the experiments we got 
late responses to stretching the jaw muscles (Cooper e¢ al. 19536), and it is 
unlikely that these responses were due to pain. We assumed that they were 
modifications of the short latency responses recorded from the first neurone. 
The fact that they were similar in pattern to some of the late responses to 
stretching the eye muscles suggests that these latter responses also came from 
muscle stretch receptors and not from pain endings. If any of our responses 
are due to pain, we feel it is likely to be that group of late responses found 
caudal to the motor nucleus of the fifth nerve, the sites being shown in text- 
fig. le and f (Cooper et al. 1953a). One of these responses is reproduced in 
Fig. 16. The proximity of the sites from which these responses were obtained to 
the head of the spinal nucleus of the fifth nerve, which is known to receive pain 
impulses, must be borne in mind. 

It remains for us to try to analyse some of the responses in order to see if 
we can recognize in them modifications of the primary patterns of responses 
of stretch endings. The sustained responses, of 20-50 msec latency, found near 
the incoming fibres of the fifth nerve and in the group of tracts that sweeps 
dorsal to the motor nucleus of the fifth nerve to the region ventral to the 
medial part of the inferior colliculus (text-fig. 1c-f, Cooper et al. 1953a) can 
probably all be regarded as second neurone impulses slightly modified from 
a first neurone pattern. Examples of such responses are shown in Figs. 9 and 
13-15. The discharges have perhaps crossed one synapse, and have thus been 
exposed to some modifying influences, so that their latencies are lengthened, 
there are some irregularities, and a little after-discharge. 

Much more difficult to interpret are those records whose patterns bear no 
obvious relation to the first neurone discharge, although the discharge occurs 
in response to stretching an eye muscle. 

The discharge shown in Fig. 17 has a long latency, and it bears some 
resemblance to a tendon-organ response (cf. Matthews, 1933, figs. 15 and 16), 
but the unit starts to discharge an appreciable time after the stretch is fully 
on, and there is some after-discharge. Both these facts suggest a second-, 
rather than a first-order neurone. On the other hand, since the needle tip was 
near the head of the spinal nucleus of the fifth nerve, the response might be 
due to a pain ending in the orbit. The possibility of this has been discussed 
above. | 
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We should like to have had more records when the needle tip was definitely 
among the fibres of one of the eye-muscle nerves. We ascribe the slow single 
units of Figs. 2 and 3 to the fibres of the third and sixth nerve respectively and 
have come to consider that such slow single unit responses are most likely to 
be picked up on the efferent side of the reflex arcs. 

Some responses to stretch of an eye muscle take the form of a single late 
burst such as that shown in Fig. 8. Similar short bursts are often seen occurring 
spontaneously at rather long intervals in many parts of the brainstem. In 
many sites, particularly in the tegmental regions, it is often possible to break 
their sequence and make them happen 100-200 msec after the onset of the 
stretch. The stretch may have the effect of lowering the threshold of a synapse 
on the pathway of the spontaneous bursts. These long latency bursts can 
sometimes be produced in response to stretching an eye muscle when there is 
no spontaneous discharge. They may also occur when a slow single unit is 
discharging spontaneously. 


150}- 


Fig. 19. Graph of the response of a single unit during stretch of the medial rectus muscle in an 
intact goat. Recorded from the rostral end of the medial longitudinal fasciculus. The 
spontaneous discharge is inhibited 150 msec after the onset of the stretch. This pause is 
followed by a short burst of impulses, a further pause and another short burst of impulses. 
The heavy black line indicates the onset, duration and release of the stretch. 


Sometimes, when a unit is discharging spontaneously, stretching an eye 
muscle appears to cause active inhibition during the period when other nearby 
units are most probably discharging at a rapid rate. In the graph in Fig. 19 
there is no discharge during the period 110-200 msec after the onset of the 
stretch ; the pause is followed by a burst of impulses that may be the expression 
of post-inhibitory rebound and there is a further pause and burst. This record 
was taken when the needle tip was in the rostral end of the medial longitudinal 
fasciculus. The more usual type of record from this region is in the form of 
repetitive bursts with a latency between 100 and 180 msec, such as is shown in 
the record in Fig. 4 or in the graph in Fig. 6. In suitable examples, if the two 
types of response were plotted on the same graph, the pause of one unit 
between 100 and 200 msec would be coincident with the first burst of impulses 


— 
: 0 200 400 600 800 
| Time (msec) 


DELAYED CENTRAL RESPONSES FROM EYE MUSCLES 509 


given by the other unit. Thus, these two types of response may be an expression 
of the reciprocal innervation that might be expected to occur in adjacent 
neuronal pools of two antagonists. 

The full interpretation of the long latency repetitive pattern shown in 
Figs. 4, 6 and 12, and perhaps in Fig. 5, is almost impossible in our present 
state of knowledge, but there are certain points about it that invite speculation. 
The long latencies suggest that the discharges have travelled over very long 
pathways and/or been subjected to much synaptic delay. We were inclined to 
believe at first that the delay might be due to the passage of the discharge 
through long cortical pathways, since we first saw the responses in intact 
animals. Adrian & Moruzzi (1939) had found, in cats under chloralose, delays 
of up to 50 msec for impulses in the pyramidal decussation that had travelled 
from the knee to the cortex and down again. The rate of repetition of the 
bursts in our records was of the order of 10/sec. This further suggested cortical 
or thalamic influences. When we came to work with decerebrate animals we 
got examples of the same long latency repetitive responses. The record in 
Fig. 12 was taken from a decerebrate goat under light pentobarbitone 
anaesthesia. The line of decerebration was rather far forward, so that the 
caudal part of the thalamus may have been functioning, but the record was 
taken from a site in the superior cerebellar peduncle. The more usual sites 
from which these records were obtained were among the fibres of the medial 
longitudinal fasciculus rostral or ventral to the nucleus of the third nerve. 
This again is a pathway closely connected with the cerebellum. There was 
always much spontaneous discharge in these cerebellar pathways. We deal 
with this in more detail in our subsequent paper (Cooper et al. 19535), but we 
can state here that we frequently detected bursts of impulses recurring at 
7-15/sec, and we were sometimes able to record single units in groups at this 
rhythm. Fig. 20 shows a case in which groups of units at 10/sec were affected 
by a pull on an eye muscle. The needle tip was on the ventral edge of the 
medial longitudinal fasciculus below the nucleus of the third nerve. At a posi- 
tion 0-02 mm higher there had been much spontaneous ‘train’ noise. The graph 
shows that stretching the inferior rectus muscle inhibits the recurring bursts, 
while at the end of the stretch they start again at the same rate, but with 
many more impulses in each burst. A spontaneous cerebellar rhythm is being 
inhibited by the eye-muscle discharge, but is enhanced after the stretch, 
probably by inhibitory rebound. 

It is possible to work out combinations of excitatory and inhibitory dis- 
charges with concurrent cerebellar activity that would give patterns like the 
late repetitive discharges. The impulses 1 in one pathway may briefly lower the 
threshold of a synapse to impulses arriving by another pathway. Nothing is 
to be gained by more speculation here, but further work aimed at discovering 
the influences of the cerebellum may prove interesting. 


5 


510 SYBIL COOPER, P. M. DANIEL AND D. WHITTERIDGE 


Our knowledge of the pathways taken by eye-muscle afferent discharges has 
been extended by this work. The tegmental tract, or group of tracts, appears 
to be an important pathway in the goat. For some of its course it lies close to 
the mesencephalic root of the fifth nerve, so that inter-connexions with 
primary neurone fibres running in this root would be possible. The part of this 
tract near the entry of the fifth nerve carried many eye-muscle discharges. 
They were also picked up more caudally at the level of the seventh nucleus. 
These latter responses may well be on their way to the inferior olive, the neck 
muscles, and the spinal cord. Many responses to eye-muscle pulls were found 
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Fig. 20. Graph of the response of a single unit during stretch of the inferior oblique muscle in an 
intact goat. Recorded from the ventral edge of the medial longitudinal fasciculus below the 
nucleus of the third nerve. The spontaneous discharge tends to be in bursts, which are 
inhibited during the stretch. The bursts of impulses occur again after release of the stretch, 


at the same intervals, but at much higher frequency. The heavy black line indicates the 
stretch. 


in the fibres that form the covering of the central grey matter, external to the 
mesencephalic nucleus of the fifth nerve. These fibres, which include the tecto- 
spinal tract, form the connexion between the superior colliculi and the tegmental 
regions, and offer a pathway for the many eye-muscle discharges that must go 
to the colliculi and from there to the oculomotor nuclei. An important con- 
stituent part of these fibres lies at the rostral end of the midbrain, ventro- 
lateral to the posterior commissure. 

The region just rostral to the nucleus of the third nerve and ventral to the 
central grey matter has connexions with some of the fibre tracts that have 
interested us in this work. Studies by Crosby & Henderson (1948) and Bucher 
& Biirgi (1952) describe many of the anatomical features here. The presence 
of numerous cells, including the interstitial nucleus of Cajal, suggests that there 
may be a neuronal pool to which messages are delivered by a multitude of 
parallel pathways. Such a pool would integrate the messages and would 
play on the final motoneurones to initiate eye movements under suitable 
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conditions. It may be the main pool for all the eye-muscle nuclei; there may, 
in addition, be a subsidiary pool near the sixth nuclei in close connexion, by 
the medial longitudinal fasciculus, with the main pool. 

The motor nuclei themselves are interesting. The diagram in text-fig. 1b 
(Cooper ef al. 1953a) shows many responses to stretching an eye muscle 
recorded in the nucleus of the third nerve, yet there is a marked lack of any 
recognizable pattern in these responses. The intense spontaneous activity in 
the nucleus (Cooper e¢ al. 19536) which tended to mask any patterns, may in 
part be connected with the small-nerve discharge to the many muscle spindles 
in the goat’s eye muscles and with the tone of these muscles. If our conception 
of a pre-motoneuronal pool is correct, many of the impulses arriving at the 
pool might be held up according to the degree of anaesthesia used, and there 
would be no synchronous discharge of impulses into the oculomotor nuclei, 
such as might occur in normal life when an eye movement takes place. The 
further investigation of the discharges that do reach the nuclei in experi- 
mental animals should probably be done with a very fine needle in order to 
record from as few units as possible. 

It has been frequently argued that eye muscles have no need for a proprio- 
ceptive supply. Many who took this view were sceptical about the presence of 
such proprioceptors, but histological study makes it quite clear that eye 
muscles are perhaps better supplied with afferent endings than any other 
muscles in the body. Tendon endings are abundant, but muscle spindles have 
a limited distribution and are found in man, the higher apes, and in the 
artiodactyl branch of the ungulates, including the goat and the sheep (Cooper 
& Daniel, 1949). Other mammals, while lacking spindles, have many endings 
of types not hitherto fully described. Recent work on the fibres of the cat’s 
third cranial nerve has shown that there are low threshold stretch receptors 
in the inferior oblique muscles of this animal (Cooper & Fillenz, 1952). It is 
thus probable that there are similar receptors in the eye muscles of most 
mammals. 

The proprioceptors of a muscle are an essential factor in all phases of that 
muscle’s activity. They would appear to be more than ever necessary when 
we consider the delicate movements performed by an eye muscle; Sherrington 
made this clear in 1918, and much work on muscle since then only serves to 
confirm and extend his conclusions. The proprioceptors of the eye muscles 
may have a further function, associated with the relative speeds with which 
impulses from the muscles and those from the retina reach the brain. One of 
the arguments against the need for eye-muscle proprioceptors has been that 
the retina can supply all the information required by the central nervous 
system. Yet the responses set up by illumination of the retina do not reach the 
brain for an appreciable time, largely owing to retinal delay. Creed & Granit 
(1983) found that there was a delay of 25-80 msec in the cat’s retina under 


512 SYBIL COOPER, P. M. DANIEL AND D. WHITTERIDGE 
various conditions of illumination. When the eye is moved in order to look at 
an object the messages from the sensory endings in the muscles must reach 
the brainstem with latencies dependent only on their conduction times, i.e. in 
1 or 2 msec. Thus, by the time the retinal discharges reach the brain, messages 
from the eye muscles can have been sent to all the centres that may be con- 
cerned with the integration of ocular movement. The eye-muscle neuronal 
pools will then be in a state of readiness to control the delicate muscular move- 
ments needed for maintaining fixation. 

The eye muscles take part in many involuntary and purely reflex movements, 
but they are also under conscious control. It is remarkable that the reaction 
time to stimuli setting up responses which involve the cortex in man is never 
less than 200 msec. While Adrian & Moruzzi (1939) gave latencies of 25-50 msec 
for the primary responses involving the cortex after peripheral stimulation in 
animals under anaesthesia (see above, p. 509), they also described secondary 
responses after 150-200 msec. These latter responses may bear a relation to 
some of the long latency responses described in the present paper. There is 
- indeed much to learn about long latency reactions involving the cortex, 

cerebellum and many of the basal structures before we can cross the gap 
between reflexes, even cortical reflexes, and ‘voluntary’ movement. 


SUMMARY 


1. Exploration of the brainstem of intact or decerebrate goats under pento- 
barbitone anaesthesia with a needle electrode showed that stretching an 
extrinsic eye muscle produced many different patterns of impulses. In addition 
to the short latency responses described in the previous paper, there were many 
responses showing latencies of 20-200 msec. 

2. Some of these responses had latencies of 20-50 msec, and were quite well 
sustained. They bore some resemblance to the primary responses and were 
probably in second-order neurones. Other responses had latencies of over 
100 msec and took the form of high frequency repetitive bursts. Various other 
types of response are described. 

3. The sites from which these responses were picked up were determined 
histologically. Of particular interest were the central tegmental tract or group 
of tracts, the medial longitudinal fasciculus, the superior cerebellar peduncle, 
and the colliculo-tegmental fibres. 

4. Many of these discharges may have been modified by the anaesthetic, 
or they may be due to the interaction of excitatory, inhibitory, cerebellar, or 
other influences. The impulses set up on stretching an eye muscle probably 
travel over many parallel pathways in the central nervous system and they 
ns much modified before they reach the pre-motoneurone or the motor 
nuclei. 

5. The practical importance of eye-muscle proprioceptors is stressed. 
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During investigations on the brainstem of the goat designed to trace the 
central responses to stretching the extrinsic eye muscles (Cooper, Daniel & 
Whitteridge, 1953a, b), other responses were often detected. These might be 
spontaneous, or they might be initiated by afferent stimuli. Some of them 
constituted useful physiological landmarks and formed a necessary adjunct to 
any attempt at localization by co-ordinates alone. Sometimes they were 
interesting enough to merit further study, and we propose to draw attention 
to certain outstanding features. Much spontaneous activity is found in the 
brainstem of an animal under light pentobarbitone anaesthesia. Certain 
patterns can be associated with motor-type cells, with the cerebellum and its 
pathways, and with parts of the superior colliculus. In addition, responses 
can be recorded from visual, auditory and vibrational stimuli and from the 
manipulation of various parts of the body. The responses from the jaw and eye 
muscles have already been dealt with, and only late responses from the jaw 
muscles will concern us here. In approaching the midbrain in intact animals 
the microelectrode necessarily went through the visual cortex, and a certain 
number of observations were made. 


METHODS 


The methods and materials used are fully described in the preceding papers. A microelectrode was 
used to explore the brain or brainstem of goats in a stereotaxic head-holder. The animals were 
either under pentobarbitone anaesthesia with an intact brain, or, in the later work, were decere- 
brated at the colliculo-pulvinar border and given small doses of pentobarbitone in an intravenous 
saline drip. Visual stimuli were sometimes given by a bright light flashed into the animal’s eye 
when the contralateral side of the brain was being explored. When responses to localized visual 
stimuli were being studied, the eye was fixed by a wire ring sewn to the cornea. A small perimeter 
was then centred on the eye and a neon flash, synchronized with the sweep of the cathode-ray 
tube, was moved relative to the retina. The flash had an illuminated area of about 25 mm’, and 
ite diameter subtended an angle of about 1° on the eye. Auditory stimuli were given by clicking 
© Pair of forceps, and vibrational stimuli by tapping the table or the stereotaxic framework. The 
body or limbs were merely touched or moved. 
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RESULTS 


The sites from which many of the responses described in this paper were 
obtained are entered on the sagittal diagrams of the brainstem in text-fig. la-g 
of our previous paper (Cooper et al, 1953a). 


Spont liseh 

Numerous patterns of spontaneous discharge can be detected in the brain- 
stem. Many of these are random discharges associated with no particular 
place. Whilst some are doubtless expressions of spontaneous activity, others 
are injury discharges caused by damage to a cell by the advancing needle tip. 
These latter impulses often show very high rates of firing. The discharge is 
short-lasting and cannot be influenced by sensory stimuli. 

In certain groups of cells a regular discharge of impulses can often be 
recorded, the pattern being typical for those cells. Fig. 1 shows such a regular 
discharge obtained with the needle tip in the nucleus of the third nerve. The 
single unit is firing at about 75 impulses/sec. The record shown in Fig. 2 was 


1 
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Fig. 1. Spontaneous discharge of a single unit recorded from the nucleus of the third 
nerve in an intact goat. Above: time in 10 msec. 

Fig. 2. Spontaneous discharge of a single unit recorded from the red nucleus in an 
intact goat. Above: time in 10 msec. 


obtained from the region of the red nucleus. We have come to associate such 
large diphasic responses with a nucleus composed of big motor-type cells such 
as are found in the red nucleus, the reticular nuclei of the midbrain and pons, 
and the motor nuclei of the fifth and seventh nerves. 

We frequently heard the repetitive discharges from many units which we 
have described as ‘train’ noises (Cooper et al. 19536). We first heard them when 
the needle tip was passing through the medial longitudinal fasciculus ventral 
to the nucleus of the third nerve. In later experiments they were heard in 
other cerebellar pathways in the brainstem and also in the cerebellum itself. 
33-2 
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It was sometimes possible to advance the needle very slowly at the edges of 
the fibre tracts, so that single units could be picked up. The impulses were 
found to occur in groups, which were repeated at a rate of 6-15/sec; within the 
group the rate of discharge of impulses might be very high. The record in 
Fig. 3 shows an example of this type of rhythm in an intact goat under 
pentobarbitone anaesthesia, the needle tip being in the fibres of the superior 
cerebellar peduncle. The discharges of the big unit form groups which recur 
regularly at 6/sec. Within each group the unit discharges 3 or 4 times at a rate 
of about 100 impulses/sec. Similar spontaneous single unit discharges were 
found in comparable sites in both intact and decerebrate animals, and were 
also recorded in the medial longitudinal fasciculus ventral to the nucleus of the 
third nerve and in the basilar part of the pons. 


Fig. 3. Spontaneous discharge in the superior cerebellar peduncle of an intact goat. The large 
unit above the baseline discharges in bursts of impulses, each burst recurring at 160 msec. 
The diphasic impulse occurs irregularly at about 12/sec. Above: time in 50 c/s. 


Spontaneous discharges were regularly obtained from the fibre layers of the 
superior colliculus. It was usually possible to distinguish between the stratum 
griseum and the stratum opticum as the needle tip passed through these layers. 
In complete darkness there were often other spontaneous rhythms in the 
superior colliculus. These were usually single unit discharges in the superficial 
layers. They could be abolished by light and will therefore be dealt with in the 
section on visual responses. ge 

Visual responses 

We found that there were well-marked and accurately localized responses 
in the superior colliculus of the goat to focal stimulation of the contralateral 
retina by a light. The superior colliculus is relatively very well developed, the 
stratum zonale is thin, but the stratum griseum often has a thickness of 
1-5-2-0 mm in the middle of the colliculus and spreads out to form a consider- 
able cap over the whole colliculus. Directly under the stratum griseum lie the 
fibre layers, and a study of horizontal sections shows how some of the optic 
nerve fibres sweep in from the direction of the lateral geniculate body, over the 
pretectal region, and into the stratum opticum of the colliculus. Below the 
stratum opticum lies the stratum lemniscum, with fibres coming in from the 
caudal end of the colliculus, and many fibres sweeping over towards the mid- 
line and posterior commissure. The layers of the superior colliculus are well 
seen in pl. 1, figs. 1-3 (Cooper et al. 1953a). 
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In experiments with a penetrating microelectrode the intact anaesthetized 
animal is very suitable for work on the localization of visual responses, since 
the surface of the colliculus is not subjected to exposure. As the needle tip 
entered the colliculus it was nearly always possible to get responses to visual 
stimulation. The depth of the needle for these first responses, and the ultimate 
depth of the run, formed one of our most reliable guides for estimating the 
shrinkage in the brainstem due to fixation. Localization studies on the 
colliculus in response to focal stimulation of the retina are also a guide to the 
position of the needle tip in the brainstem buried under about 2-0 cm of 
cerebral hemisphere. We did little exploration of the colliculus in the decere- 
brate animals; we had the advantage here of direct vision, so that we did not 
need help in finding our position in the brainstem. We took no particular 
precautions to protect the surface layers, which were probably inactive. We 
got localized responses to visual stimulation in the deeper layers in some of 
those decerebrate animals which still had an intact optic pathway. 


100 uV 


Fig. 4. Discharge from a point 0-4 mm below the surface of the superior colliculus of an intact 
goat during complete darkness. About 40 msec after the light is turned off a unit begins to 
discharge and continues to do so throughout the period of darkness. When a light is shone 
into the contralateral eye there is a wave ‘on’ effect and the unit stops discharging. Many of 
the units are double. Above: time in 50 c/s; light signalled by photocell, up indicates 
light off. 


Responses to stimulation of the contralateral retina by light can be obtained 
from the whole surface of the colliculus as well as from the underlying layers 
and also from that superficial part of the pretectum composed of optic tract 
fibres on their way to the colliculus. The sites of responses to visual stimuli 
may be seen in text-fig. 1b-f (Cooper et al. 19534). Text-fig. le and f show the 
sites of the responses that were obtained in the pretectal region. No responses 
were found in the mid-line. The responses to visual stimuli are entered as 
diamonds; when we got sharply localized responses to focal retinal stimulation 
the diamonds have been filled in, @. 

During periods of complete darkness there were sometimes marked 
spontaneous discharges in the colliculus. If the animal’s contralateral eye was 
illuminated for short periods, both ‘on’ and ‘off’ effects were clearly heard. 
In the record in Fig. 4, when the light goes off, the needle records the discharge 
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of a single unit firing at a rate of about 50 impulses/sec after a latency of 
40 msec. This unit stops discharging when the light is turned on, and the wave 
which follows may well be an ‘on’ effect. A record from another animal is 
shown in Fig. 5. About 70 msec after the light is turned off there is @ series of 
waves at a rate of about 25/sec. There is a tendency for these waves to be in 
groups at about 3-5/sec. They were abolished by even a feeble light. 

When the retinal illumination was by means of a small neon flash and was 
focal in character, the responses could only be obtained from small restricted 
areas of the colliculus. Once the collicular response had been detected, a move- 
ment of the light, greater than 10-15° on the perimeter, immediately abolished 
it. The localization results are not sufficiently numerous for us to attempt to 


Fig. 5. Discharge obtained from a point 0-4 mm below the surface of the superior colliculus of an 
intact goat during complete darkness. About 70 msec after the light on the contralateral eye 
is turned off a wave discharge begins. The waves recur at about 25/sec and tend to be grouped 
in spindles at about 3-5/sec. The gap indicates an interval of 1-5 sec. The waves outlast the 
period of darkness by about 150 msec. Above: time in 50 o/s; below: light signalled by 
photocell, up indicates light off. 3 
give a map of the colliculus, but we found that the horizontal meridian is 
strongly represented on an oblique antero-posterior strip of the contralateral 
colliculus, the caudal end of this strip being closer to the midline than the 
rostral end. Responses at the caudal end are from the nasal part of the retina; 
those at the rostral end are from the temporal part. The lower part of the 
retina is represented medial to the antero-posterior strip of the contralateral 
colliculus, while the upper part is represented laterally. Both the retina and 
pupil of the goat are better adapted for lateral than for vertical vision. 

The more dorsal and the deep lateral sites on the colliculus usually gave 
wave responses to a localized neon flash. Sometimes it was possible to detect 
single units superimposed on these waves. Responses in the form of single 
units were most commonly found in the middle layers. The wave response 
shown in Fig. 6 came from a site in a deep lateral layer; there is a latency of 
25 msec, and there are three main waves occurring at intervals of about 
70 msec. The record in Fig. 7 is from one of the fibre layers of the colliculus; 
the noise level is high, due to much spontaneous discharge, but the single units 
are none the less clear, following the flash with a latency of 30 msec. 

A localized response to the flash found in the surface layers of the colliculus 
was sometimes lost as the needle tip passed deeper, but by moving the light 
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a new position on the retina could be found giving a good collicular response. 
Text-fig. 1b-f (Cooper et al. 1953) gives some idea of the depths from which 
the responses to visual stimulation could be obtained. Visual responses at 
depths of up to 8 mm were found in the more lateral regions. In one experiment 
(text-fig. 1d) a clear-cut visual response was picked up in the fibres just rostral 
to the central grey matter of the midbrain. The record showed an ‘off’ effect 
in which the first burst appeared after a latency of 180 msec, and was followed 


Fig. 6. Responses to localized flashes on the retina of the contralateral eye recorded from a deep 
lateral region of the superior colliculus, 4-0 mm below the surface, in an intact goat. Wave 
responses only are seen, starting 25 msec after the flash and continuing for 150 msec. Below: 
time in 50 o/s, with the neon flash signalled on the time trace. 


Fig. 7. Responses to a neon flash localized on the fixation point of the contralateral eye. Recorded 
from the fibre layer of the superior colliculus, 2-0 mm below the surface, in an intact goat. 
The background is noisy, but each flash is followed after 30 msec by a single unit. A second 
impulse is usually seen about 40 msec later. The neon flash is signalled on the recording trace 
iteelf as shown by the arrows. Above: time in 50 o/s. 


by a second burst 140 msec later. At a site 0-03 mm more ventral there were 
responses to pulling on the ipsilateral eye muscles. At several sites in the 
stratum opticum, and in the fibres connected with this stratum in the pretectal 
region, responses to pulling on ipsilateral eye muscles were obtained (Cooper 
et al. 19536). At some of these sites responses to contralateral visual stimula- 
tion could also be picked up. 
Cortical responses 

Since our approach to the midbrain lay through the occipital lobe, we often 
tested for the visual area of the cortex and were interested to see if we could 
get any responses to pulling on eye muscles from the adjacent areas of the 
cortex. We had no difficulty in getting responses to visual stimuli, and found 
that the upper part of the contralateral retina was represented farther forward 
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in the cortex than the lower part. The best surface responses were obtained 
from a strip of cortex about 1-0 cm wide running forward from the occipital 
pole. As the needle tip advanced, other parts of the visual cortex were 
detected deep in sulci or on the ventral surface of the hemisphere. This ventral 
surface overlies the dorsal surface of the superior colliculus, but there was 
always a period of silence as the needle tip passed from one structure to the 
other. In the course of some runs, in experiments in which the anaesthesia 
was light, stretching ipsilateral eye muscles gave responses at sites in the 
cortex near to, but not coincident with, those that gave visual responses. 
These eye-muscle responses were heard on the loud-speaker, but were not 
suitable for photography. | 
In one experiment we explored a small part of the sensory cortex. There was 
an area that gave good responses to stroking the dorsum of the contralateral 
forelimb. About 2-0 mm rostral to this area responses could be obtained from 
touching the ipsilateral upper lip; more rostral still was the area for the 
ipsilateral lower lip. These results agree exactly with the representation of the 
somatic receiving area in the goat given by Adrian (1943a). a 


Auditory responses 

Our animals, with fixation plugs in their auditory meati, were not ideal 
preparations for investigating auditory responses. Nevertheless, responses 
were very easily detected in any part of the auditory system that the needle 
traversed. They were picked up in the inferior colliculus and its commissure, 
and also in the lateral lemniscus, the superior olive and the trapezoid body. 
The click from a pair of forceps was sufficient stimulus, and the best responses 
were obtained when the stimuli were applied to the contralateral ear. These 
responses formed a good physiological landmark for the boundary between 
the caudal end of the superior colliculus and the rostral end of the inferior 
colliculus. Associated with the auditory effects were responses to vibrational 
stimuli. On the pathway between the inferior colliculus and the nuclei of the 
eighth nerve, responses could be picked up to any touch of the animal, stereo- 
taxic framework, or table. : 


Responses from various parts of the body 

Limbs and trunk. Sometimes stimuli were applied to the limbs or body and 
the effects either noted or recorded. The sites of these responses have been 
entered as crosses, +, in text-fig. 1b-d and f (Cooper et al. 1953a). Responses 
obtained by tapping or flexing the contralateral limbs were picked up in the 
rostral end of the medial longitudinal fasciculus (text-fig. 1b) and, slightly 
more laterally, in the central tegmental tract (text-fig. 1c, d). In this tract 
the responses to stimulating the fore-limb tended to be picked up at a more 
dorsal level than the responses from the hind-limb. Fig. 8 shows a response to 
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flexing the opposite ankle when the needle tip was in the tegmental tract. 
There are spontaneous units firing at slow rates; the stimulus causes repetitive 
bursts. The latency of the first burst is long, the discharge rate during the burst 
is high, and the bursts recur at 7-5/sec. The discharges probably bear no 
relation to the duration of the stimulus. Sometimes in these regions very 
slight peripheral stimuli produced responses. In one experiment, when the 
needle tip was in the medial longitudinal fasciculus ventral to the nucleus of 
the third nerve, very light pressure on the pad of the contralateral hind-hoof 
gave a single burst of up to a dozen rapid impulses. 


Fig. 8. Response to flexing the contralateral ankle recorded from the central tegmental tract in 
the midbrain of an intact goat. The large unit responds with repetitive bursts after a latency 


below: flexion signalled by condenser system. — 


Fig. 9. Response to tapping the contralateral foreleg recorded from longitudinal fibres immediately 
dorsal to the red nucleus in an intact goat. After a latency of about 35 msec there are two 
bursts of impulses. Amplification greatly reduced. Above: time in 50 c/s; tap indicated by | 


Fig. 10. Response to pressing the contralateral thigh recorded from longitudinal fibres along the 
lateral border of the red nucleus in an intact goat. The latency is about 70 msec and repetitive 
bursts of impulses are seen. Amplification greatly reduced. Above: time in 50 c/s; pressure 
applied between arrows. 


Another group of responses to body stimulation was found in the neighbour- 
hood of the red nucleus (text-fig. 1c, d). The record in Fig. 9 was obtained 
when the contralateral fore-leg was tapped. The latency is about 35 msec and 
there are again two bursts of impulses, the first showing a discharge of up to 
400 impulses/sec, while the discharge in the second is about half this rate. The 
bursts recur at 10/sec. The record in Fig. 10 is from a similar site, the stimulus 
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being a tap to the contralateral thigh. There is a repetitive discharge of bursts 
at about 10/sec, each burst having fewer impulses than its predecessor. 
Occasional responses were noted in the deeper layers of the superior 
colliculus. Other responses, entered in text-fig. 1 f, were obtained when the 
needle tip was just caudal to the thalamus and fairly well lateral. The more 
dorsal response was elicited by touching the thigh and base of the tail; the 
ventral one by tapping the Achilles tendon. Both responses were contralateral. 
Jaw muscles. In addition to the short latency responses to stretching the 
jaw muscles already reported (Cooper et al. 19534), we obtained many late 
responses to stretching these muscles. The sites were identified histologically 
and entered as open triangles in text-fig. la-g (Cooper et al. 1953a). These 
responses were found in the medial longitudinal fasciculus, the tegmental tract, 
and on the outskirts of the mesencephalic nucleus of the fifth nerve, especially 
near its more caudal end. A group of late jaw responses was also found near | 
the head of the spinal nucleus of the fifth nerve. A record of a response to 
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Fig. 11. Response to stretch of the jaw muscles. Afferent discharges from a single unit in a 
decerebrate goat recorded from fibres ventral to the medial longitudinal fasciculus and medial 
to the red nucleus. There is a spontaneous discharge, and 140 msec after opening the jaw 
there is a burst of impulses reaching a rate of about 150/sec. Amplification reduced. Below: 
time in 50 o/s; stretch signalled by a condenser system. 

stretching the jaw muscles, when the needle tip was in the ventral aspect of 
the medial longitudinal fasciculus near the red nucleus, is given in Fig. 11. This 
response consists of a single burst of impulses. Other responses were often 
repetitive in character. No systematic work was done on these late jaw 
responses, but the stimulus of stretching the jaw muscles was very frequently 
given and any response was noted. In the region of the medial longitudinal 
fasciculus and the tegmental tract in the midbrain, responses from the proprio- 
ceptors of the eye muscles, jaw muscles and body were frequently noted in 
sites that were in close proximity, but good responses were rarely obtained in 
identical sites. More caudally in the pontine regions the sites of the responses 
to stretching the jaw muscles were much more separated from the sites of the 
eye muscle responses, thus pointing to quite distinct pathways. 
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Face. Ipsilateral responses were obtained from tactile stimuli to the face, 
especially in the main sensory nucleus of the fifth nerve. As the needle tip 
advanced through the nucleus, responses were obtained successively from the 
lower jaw, the base of the ear, the upper lip and, finally, the nose. Thus, the 
sensory representation of the face appears to be upside-down in the nucleus. 
This is perhaps interesting when compared with observations on the rotation 
of the sensory root between the Gasserian ganglion and the pons (Davis & 
Haven, 1933). 

The responses described in this section were merely the result of sporadic 
testing. No note has been made of the many negative results. Most of our 
responses appeared to come from the stimulation of proprioceptors rather than 
from exteroceptors. A study of the horizontal diagram in text-fig. 2 (Cooper 
et al. 1953a) shows that by chance the main line of the medial lemniscus was 
missed in the exploration. It is of interest that responses from the body 
proprioceptors can be detected in various sites in the brainstem, while most 
of the responses from the exteroceptors presumably run through this region 
in a restricted pathway on their way to the thalamus and 


DISCUSSION 


It is well known that considerable spontaneous electrical activity goes on in 
the nervous system, even under quite deep anaesthesia. In the course of our 
exploration we met with some of this activity. We only wish here to comment 
on those patterns of discharge that come from identifiable sites. It was usually 
possible to recognize the impulses in the main motor nuclei. There was much 
spontaneous activity, and if a single unit was picked up it was usually found 
to be discharging at a regular rate of 50 impulses/sec or more; this rate might 


be maintained for an indefinite period. The assumptions are that some of the 


activity is from cells engaged in maintaining the tone of the muscles; some 
may be from cells of origin of the small nerve fibres to the muscle spindles; 
some again may be from the pre-motoneurones whose discharge is not 
sufficient to stimulate the final motoneurones and so set up a contraction. In 
those experiments in which we had recording needles in the extrinsic eye 
muscles for recording the threshold for motor discharge we sometimes found 
small units discharging spontaneously. There was certainly tone in the animal’s 
muscles, and this would demand discharges from a number of units. The intra- 
fusal muscle fibres would, in these conditions, also be activated (Hunt, 1951). 
We found that nuclei composed of large motor-type cells, such as the red 
nucleus, were in a constant state of activity. 

We made little direct study of cerebellar activity, but no doubt it plays 
a significant part in modifying proprioceptive messages at some stage in their 
passage through the nervous system. According to Grundfest & Campbell 
(1942), proprioceptive discharges from the limbs travel more rapidly in the 
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spino-cerebellar pathways than do the discharges which travel in the fasciculus 
gracilis. If this is the case, then the cerebellum is in a position to modify the 
later messages to other places. Knowledge of the complexity of cerebellar 
pathways is increasing (Snider, 1950); the inferior olive, for example, is 
assuming greater importance in relation to the cerebellum (Brodal, Walberg & 
Blackstad, 1950). The spontaneous activity of the latter organ is not fully 
understood (Adrian, 19436; Brookhart, Moruzzi & Snider, 1950, 1951). 
Rhythms of 10-15/sec are reported by these authors; some of these may be 
intrinsic, others may be imposed by structures such as the cerebral hemi- 
spheres or the thalamus. We did not obtain records from the cerebellum itself, 
but we obtained many records from pathways, such as the superior cerebellar 
peduncle, which are supposed to be exclusively cerebellar, or from the medial 
longitudinal fasciculus which has a strong cerebellar element. We were 
impressed by the prevalence of a 7—15/sec rhythm in these pathways, in spite 
of the fact that a number of the animals were decerebrate. It seems likely 
that this rhythm may have affected some of the late repetitive responses 
discussed in these papers. 

Stimulation of small areas of the goat’s retina by a light has shown that there 
is a point-to-point localization between the retina and the contralateral 
superior colliculus. This finding amplifies and confirms the work done with 
surface electrodes on the rabbit (Wang, 1934) and cat (Apter, 1945), and also 
the degeneration studies by Bodian in the opossum (1937). In experiments on 
monkeys we obtained comparable results, and this leads us to suppose that 
such localization is a feature common to all mammals. The advantages of 
a fine microelectrode are that the responses are picked up from a very small 
area, not only close to the surface, but also in the deeper layers. On exploring 
the deeper layers of the colliculus with the needle tip, point-to-point localiza- 
tion was still found, but one point on the retina might be related to various 
points in the deeper layers. This localization could be found throughout a 
considerable depth of colliculus, as indicated in the diagrams of text-fig. 1 
(Cooper et al. 19534). Probably with different, or lighter, anaesthesia localiza- 
tion could be found even deeper, since there is a close rélation between the 
superior colliculi and the oculomotor nuclei (Apter, 1946). It should be 
emphasized that it is the responses from the surface that have hitherto pro- 
vided the material for evidence of retinal projection on the colliculus. The 
responses from the deeper strata need to be investigated further. 

We pointed out in our previous paper (Cooper et al. 1953) that responses to 
stretching the ipsilateral eye muscles were also found in the fibre layers of the 
superior colliculus at sites closely adjacent to the sites from which responses 
to contralateral visual stimuli were obtained. This juxtaposition of visual and 
eye-muscle responses suggests that the proprioceptors of the eye muscles — 
are of importance in any relationship between the colliculi and the eye 


, 


Vw 


DISCHARGES IN THE BRAINSTEM AND CORTEX 525 


muscles. For instance messages from the proprioceptors of the eye muscles 
may play a part in the visual grasp reflex (Hess, Biirgi & Bucher, 1946). 

The records of the visual responses show a few points that are worth further 
comment. Figs. 4 and 5 show latencies of 40 and 80 msec for the ‘off’ effect. 
The latencies for the responses to flashes shown in Figs. 6 and 7 are 25 and 
30 msec. These are of the same order as those found for visual responses in the 
optic nerve and the visual cortex, and must be almost entirely due to retinal 
delay. If the impulses travel in fibres of similar size, the latency of the 
collicular response should be slightly less than that of the cortical response, 
since the impulses to the cortex have a cell station in the lateral geniculate 
body and a slightly longer pathway. 

Wave responses to visual stimuli of the retina have previously been recorded 
from the superior colliculus, but we are unaware of records showing single 
units, Well-defined single units are seen in Figs. 4 and 7. The waves seen in 
Fig. 5 are interesting in that they are occurring when the retina is not being 
stimulated and are reminiscent of, but much faster than, the cortical waves 
which can be recorded when the eyes are closed (Adrian & Matthews, 1934). 
Similar phenomena have been observed in rabbits (Hamdi & Whitteridge, in 
preparation). 

Our observations on cortical localization to contralateral visual stimuli were 
few, but they did confirm that the antero-posterior representation was similar 
to that in other mammals. Since sites for responses to eye-muscle pulls were 
found adjacent to sites for responses to retinal stimulation in the superior 
colliculus, and since stimulation experiments have shown that there is a close 
connexion between the colliculus and the oculomotor nuclei, we looked for 
similar conditions in the cortex. The areas adjacent to the visual cortex are 
known to be concerned with eye movements, and we did find here faint 
responses to ipsilateral eye-muscle pulls, particularly in animals in which the 
anaesthesia was light. We see no reason to doubt that a similar state of affairs 
exists in the higher mammals and man. Considerable integration between 
proprioceptive responses from the eye muscles and visual responses may well 
take place in the cortex. | 

Exploration of the auditory and vestibular pathways by a needle electrode 
technique has been carried out on the cat by Ades & Brookhart (1950) and 
Gernandt (1950). We obtained single unit responses to click stimuli from all 
parts of the brainstem auditory pathways central to the nucleus of the eighth 
nerve. 

The main features of the body and limb responses picked up in the course 
of our work were their repetitive character and long latency. To some extent 
they resemble the late repetitive response to stretching an eye muscle described 
in @ previous paper (Cooper e¢ al. 1953), and were detected in similar path- 
ways. They were mostly from intact animals, so that we have no means of 
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knowing the direction in which they were travelling. We are inclined to believe 
that some form of cerebellar influence has been impressed on the primary 
messages, since the spacing of the repetitive bursts was similar to the rhythms 
which we recorded in cerebellar pathways. Our results are too few to confirm 
this. The presence of localized responses to limb stimulation in the tegmental 
tract of the midbrain suggests that there is an organized pathway for pro- 
prioceptive impulses in this region. The number of responses to stimulation of 
the proprioceptors of the eye muscles, body muscles and jaw muscles in the 
tegmental tract and in and near the medial longitudinal fasciculus certainly 
suggests that this tegmental region of the midbrain is of importance for the 
transmitting of messages and perhaps for the full functioning of the pro- 
prioceptive system. 
SUMMARY 

1. Patterns of spontaneous discharge recorded with a microelectrode in the 
brainstem of the goat are described and discussed. 

2. Localized responses to focal stimulation of the contralateral retina with 
a light were recorded from the surface and deeper layers of the superior 
colliculus. The significance of these in relation to eye movements is discussed. 

8. Faint responses to pulling on an eye muscle were obtained from areas of 
the cortex adjacent to the visual cortex. 

4. Discharges in the brainstem were obtained in response to auditory and 
body stimulation. 
REFERENCES 
aoe, & Brooxuast, J. M. (1950). The central auditory pathway. J. Neurophysiol. 13, 


Apriay, E. D. (19434). Afferent areas in the brain of ungulates. Brain, 66, 89-103. 
ee Afferent areas in the cerebellum connected with the limbs. Brain, 66, 


1934). The Berger rh potential changes the 


sre i (1945). Projection of the retina on superior colliculus of cate. J. Newrophysiol. 8, 
3.7. 1946 movements of the 
( Ane following strychninization superior colliculus of cate. 


eau (1937). sia ee study of the optic tracts and retinal projection of the 
Virginia opossum. J. Neurol. 66, 113-144. 
Bropat, A., Watszra, F. & egy 1960). Termination of spinal afferen inferior 
olive in cat. J. Neurophysiol. 18, 4 
Brooxnakt, J. M., fem, 1950 
ee re = (1950). Spike discharges of single unite in the 
Brooxuast, J. 6. & R. 8. (1951 of 
Nery ( ). Origin of cerebellar waves. J. Neuro- 
Coorsr, 8., P. M. & D. (19534). Nerve im in the brainstem of the 
goat. Short latency responses obtained by stretching the uscles 
muscles, J. Physiol. 120, 471-490. 
Coorssr, Danzer, P. M. & Wurrrenipes, D. (19535). 
Responses with latencies obtained stretching the extrinsic uscles. 
Physsol. 120, 491-513. 


q 


DISCHARGES IN THE BRAINSTEM AND CORTEX 527 


Davis, L. & Havan, H. A. (1933). anatomy of the sensory root of the trigeminal nerve. 
Arch. Neurol. Peychiat., Chicago, 28, 1-18. 


Guasanee Se Midbrain activity in response to vestibular stimulation. Acta physiol, 

Gruwprsst, H. & B. (1942). of impelees in the 
dorsal spino-cerebellar tract of cate. J. Neurophysiol. 5, 275-294. 

Hess, W. R., Borat, 8. M. & Buonsn, V. M. (1946). Motorische Funktion des Tektal-und 


Tegmentalgebietes. Machr. Psychiat. Neurol. 112, 1-48. 
Huwt, C. C. (1951), The reflex activity of mammalian small-nerve fibres. J. Physiol. 115, 


Swipe, R. 8. (1950). Recent contributions to the anatomy and physiology of the cerebellum. 
Arch. Neurol, Peychiat., Chicago, 64, 196-219. 

Wana, G. H. (1934). Action potentials of the visual cortex and the colliculus induced 
by stimulation of the retina with light. Chin. J. Physiol. 8, 121-1 


| 

| 
| 

e 

e 

1 


528 
J. Physiol. (1953) 120, 528-537 


THE PRESENCE OF HISTAMINE IN 
TISSUE MAST CELLS 


By J. F. RILEY anv G. B. WEST 


From the Department of Radiotherapy, Royal Infirmary, and Department 
of Pharmacology and Therapeutics, University of St Andrews 
Medical School, Dundee 


; (Received 17 October 1952) 


The amount of histamine that can be extracted from various body tissues has 
been studied extensively in recent years. However, little attention has been 
paid to the histology of tissues rich in histamine or to the changes which 
accompany histamine release. 

Part of the histamine in the liver of the dog can be released by such varied 
procedures as intravenous injections of peptone or chemical histamine- 
liberators (MacIntosh & Paton, 1949) or by the induction of anaphylactic 
shock (Rocha e Silva, 1952). This release of histamine is accompanied by 
a similar release of large amounts of heparin both in vivo and in vitro 
(Rocha e Silva, 1952), and thus it is possible that in the dog histamine and 
heparin are derived from the same site in the tissues. Since it is now believed 
that heparin in all species is produced by tissue mast cells (Jorpes, 1946), it 
seemed of interest to determine whether histamine also could arise from tissue 
mast cells. Preliminary observations have provided some support for this 
hypothesis. Thus it has been shown that injection of histamine-liberators in 
the rat is followed by selective damage to tissue mast cells (Riley, 1952, 19536) 
and secondly, that there exists for certain tissues a good correlation between 
the histamine content (Riley & West, 1952) and the heparin content as given 
by Jorpes (1946). Further evidence that substantial amounts of histamine are 
contained in, and can be released by, tissue mast cells is presented in this 
paper. 

METHODS 


Tissues from the slaughter-house were obtained within 15 min of the death of the animal. Labora- 
tory animals were killed by a blow on the head or by an overdose of urethane, and the organs to be 
examined were immediately removed. Speed is essential because delay brings about a substantial 
loss of extractable histamine and a reduction in number of intact mast cells in tissue fragments 
and sheets. 
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Mast-cell content. Small portions of tissue were fixed at once in formol-corrosive. Paraffin 
sections were stained with 1% (w/v) toluidine blue in 20% (v/v) alcohol for mast cells (Sylvén, 
1941), with haematoxylin and eosin for general histology, and with Van Gieson’s stain for collagen. 
Some sections were stained with carbol-chromotrope-haematoxylin for eosinophils and with 
Foote’s stain for reticulin. If the tissue was thin and transparent (e.g. subcutaneous connective 
tissue, mesentery, omentum, pleura and some organ capsules) fresh tissue spreads were also made. 
These were then fixed in 80% (v/v) alcohol and stained with toluidine blue or methylene blue for 
mast cells (Riley, 1953a). In the tables, the mast-cell content is recorded on a relative scale of 
Oto ++++. 

Histamine content. Whole organs or parts of them were dried on filter-paper and weighed. Each 

was then ground separately in a mortar with sand and extracted with 10% (v/v) trichloro- 
acetic acid (0-5-2 ml./g) for 1-2 hr. After centrifugation, the clear supernatant fluid was washed 
twice with ether to remove the excess acid, neutralized and assayed for histamine on the blood 
pressure of the atropinized cat under chloralose anaesthesia. In many cases, the isolated ileum of 
the guinea-pig (with atropine 10~’ in the Ringer’s solution) was also used, and results by the two 
methods agreed fairly well. The specificity of the histamine-like action was always checked by 
means of mepyramine (2 mg/kg in the cat or 10 in the Ringer’s solution). All figures are given in 
terms of histamine base, and each value shown in the tables represents the mean of the results 
obtained from at least four extracts of different samples of tissue. There was considerable variation 
(up to 20%) in the amounts of extractable histamine from many tissues. 


RESULTS 
Histamine and mast cells in tissues whose heparin content is known 
The results of the histamine assays on the tissues used by Jorpes (1946) for the 
estimation of heparin are shown in Table 1. There is a striking positive correla- 
tion between the mast-cell (or heparin) content of a particular tissue and the 
amount of histamine that can be extracted from it. For example, the aorta of 


TaBie 1. Histamine content (ug/g) of tissues compared with heparin content 
(mg standard heparin/kg) and the relative mast-cell content 


Tissue Histamine Heparin*® Mast cells 

Rat liver 0-3 0 0 

ver 45 75 
Ox aorta 10-0 5-65 + 
Rat subcutaneous tissue 16-0 63 ++ 
Ox inferior vena cava 20-0 100-120 ++ 
Ox-liver capsule 40-0 540-830 +++ 


* Data of Jorpes (1946) 


the ox contains much histamine and many mast cells, whereas the aorta of the 
pig contains almost no histamine and is entirely lacking in mast cells. A similar 
contrast is seen between the liver of the ox which is rich in histamine and mast 
cells and the liver of the rat which contains neither. Most of the mast cells in 
the rat are in the loose connective tissues and it was here also that considerable 
amounts of histamine could be demonstrated. 
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Histamine and mast cells in other normal tissues 

Apart from the figures given by Jorpes, there is little information in the 
literature about the heparin content of various tissues. We therefore compared 
the histamine and mast-cell contents of some of those tissues analysed by 
Holmgren & Wilander (1937) for ester sulphates, these values being assumed 
by them to represent heparin if other sulphate-containing mucopolysaccharides 
are excluded, particularly the chondroitin sulphate of cartilage. 

Liver. Holmgren & Wilander obtained in ox-liver capsule their highest 
value for ester sulphates, and it was in this tissue that we found the most 
striking association between histamine and mast cells (Table 2). Our value for 


Tasxz 2. Histamine content (ug/g tissue) and the relative mast-cell content 


of the liver of different species 
Capsule Parenchyma 

Species ‘Histamine Mast cells Histamine Mast cells 
Ox +++ + 
Sheep ++ + 
Dog 24 ++ 22 ++ 
Cow ++ + 

0 I 0 


histamine would no doubt have been higher still had it been possible to 
separate the capsule cleanly from the underlying parenchyma. As it was, 
a rind 3-5 mm thick was removed and estimated separately as capsule. 
Pl. 1, fig. 1, confirms the preponderance of mast cells in the capsule of ox liver. 
Mast cells and histamine are similarly concentrated in the liver capsule of the 
sheep and cow, but are present both in capsule and parenchyma of the liver of 
the dog and pig. , 

Lung. Because of the presence of cartilage with its chondroitin sulphate, 
lung was not assayed for ester sulphates by Holmgren & Wilander. However, 
since beef lung is now the chief source of commercial heparin, we included this 


TaBLE 3. Histamine content (ug/g tissue) and the relative mast-cell content 


of the lung of different species 
Pleura Parenchyma 
Species "Histamine Mast cells ‘Histamine Mast cells 
Ox 200 ++++ 80 +++ 
Sheep 80 +++ 60 +++ 
Pig 40 +++ 20 ++ 
Cat 38 ++ 32 ++ 
Dog 35 +++ 20 ++ 
Cow 25 ++ 25 ++ 


and other specimens of lung in our series (Table 3). Histological examination 
of paraffin sections of ox lung shows that in the pleura the mast cells are both 
large and numerous (Pl. 1, fig. 2). In the lung of all species, therefore, the 
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pleura was also stripped off and assayed separately from the parenchyma. 
These strips of pleura are so thin that they can be mounted and examined 
h microscopically as tissue spreads. P!. 2, fig. 3, shows the enormous numbers of 
mast cells packed with bulky metachromatic granules which are demonstrable 
in a fresh spread of ox pleura, and this tissue contained the highest concentra- 
tion of histamine found by us in normal tissues. As in ox-liver capsule, the 
only other tissue present in quantity in ox pleura is collagen; there are no 
eosinophils and the tissue is almost avascular. The mast cells of sheep pleura, 
although numerous, are small and contain only a few minute granules per cell 
and there is correspondingly less histamine in sheep pleura than in ox pleura. 
This curious preponderance of histamine and mast cells in pleura was found 
in three of the six species examined. 

Spleen. When spleen was studied, the correlation between the histamine 
content and mast-cell population was less convincing than in the other organs 
and, in general, the histamine values for spleen were lower than the estimation 
of the mast-cell content would have led us to expect (Table 4): It is possible 


TaBLE 4. Histamine content (ug/g tissue) and the relative mast-cell content 


of the spleen of different species 
Capsule Parenchyms 
Species Histamine Mast cells Histamine Mast cells 
Ox +++ ++ 
Sheep + 
6 + 7 + 
oot 5 ++ 5 + 
Pig 3 +0 3 +0 
Cat 2 +0 2 +0 


that spleen contains some substance hindering the extraction or estimation of 
histamine. It is not noradrenaline since this amine was first removed by 
alkalinization from many of the splenic extracts. On the other hand, the 
rabbit’s spleen contained much histamine (13 g/g tissue). This may well be due 
to the fact that the rabbit has few tissue mast cells, whereas blood mast cells 
(basophils) are common (Maximow, 1913). This abundance of blood mast cells 
might also account in part for the extremely high histamine content found for 
rabbit blood by Code (1952) and for our own finding of a high value (20 ug/g 
tissue) in the bone marrow of the rabbit, both marrow and spleen being 
intimately concerned with blood formation. Negligible amounts of histamine 
were found elsewhere by us in the rabbit, except in the lung (20 yg/g tissue). 


Histamine and mast cells in young and adult organs 

, In course of development, mast cells make their appearance late in 
embryonic life or early in infancy. We therefore compared the histamine 

contents of similar organs from foetal or very young mammals and from fully 


developed adults _— 5). In every case the low values for histamine in the 
34-2 
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young organs contrasted with the higher values in adults. Apart from the 
presence or absence of mast cells, no other obvious histological difference was 
noted between the pairs of tissues which were examined. 


Tasxe 5. Histamine content (ug/g tissue) and the relative mast-cell content 
of organs of young and adult animals 


, Young Adult 
Organ Species Histamine Mast cells Histamine Mast cells 
Lung Cow 8 + 25 ++ 
Man 6 + 25 ++ 
Cat 4 + 36 ++ 
Liver capsule Cow 5 + 22 +p 
Liver parenchyma Cow 1 0 5 + 
Skin Cat 1 0 20 ++ 


Histamine and mast cells in stored tissues 


Since strips of pleura are thin and therefore dry easily, we studied the effects 
of storage on the histamine content of the pleura and parenchyma of ox lung. 
The results of a typical experiment are shown in Table 6. The exceptionally 


Tase 6. The effect of storage at room temperature on the histamine content 
(ug/g tissue) of ox lung 


Histamine content after storage (hr) 
Tissue 0 2 4 6 24 
Pleura 280 140 100 100 90 
Parenchyma 80 60 50 50 60 


high value for histamine in the pleura at the start of the experiment fell 
steeply during the first 2 hr of storage at room temperature, and this decrease 
was closely paralleled by the lysis and disappearance of mast cells in tissue 
spreads prepared at corresponding intervals of time. 


Histamine-liberators in vivo 
Histamine-liberators have already been shown (Riley, 1952, 19536) to 
produce lytic and other destructive effects on the tissue mast cells of the rat. 
We therefore first established control values for the mast-cell content and 
amount of extractable histamine in the omentum, mesentery and subcutaneous 
tissues of the normal rat using three to six animals for each test. A fresh series 
of rats was then injected intravenously with lethal doses of the chemical 
histamine-liberators, stilbamidine (125 mg/kg) or p-tubocurarine (25 mg/kg). 
Slow injections giving a survival time of 1-3 min were employed, since the 
same dose given rapidly killed the rats with little or no disruption of mast cells 
or loss of histamine in the tissues concerned. The results shown in Table 7 
indicate that both stilbamidine and p-tubocurarine bring about a reduction 
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in the content of histamine and mast cells, tubocurarine being the more 
effective. When there were very few or no mast cells left (value 0), it was 
possible that some of the released histamine was still retained in the tissue. 
Taste 7. The effect of histamine-liberators on the histamine content (ug/g tissue) and relative 


mast-cell content of rat tissues ; stilbamidine dose, 125 mg/kg; p-tubocurarine dose, 25 mg/kg ; 
survival time 3 min 


Control Stilbamidine p-Tubocurarine 
Tissue Histamine Mast cells er Mast cells Histamine Mast cells 
Omentum 18 ++ 10 +0 4 0 
Mesentery 10 + 5 +0 5 +0 
Subcutaneous tissues 16 ++ 10 + 4 0 
. lat } 3 in it 


To test the effect of histamine-liberators in vitro, the liver capsule of the 
sheep was used since it contains much histamine and many mast cells and 
unlike the capsule of ox liver can be easily and completely separated from the 
parenchyma (PI. 2, fig. 4). Equal weighed quantities of capsule (usually 1-2 g) 
were immersed for 1 hr at room temperature in water, sodium chloride 
solution (0-9%, w/v), or an aqueous solution of p-tubocurarine (0-1%, w/v). 
Control strips were retained (with no fluid) in closed vessels for a similar 
period of time. The tissues were then extracted and tested for their histamine 
content. Sample strips were examined at appropriate intervals of time for 
their relative mast-cell content. A typical result is shown in Table 8 which 
indicates the effectiveness of D-tubocurarine in liberating histamine from 
strips of sheep-liver capsule. 

TaBxE 8. Effect of water, sodium chloride solution (0-9%, w/v), and solution of p-tubocurarine 


(0-1%, w/v) on the histamine content (ug/g tissue) and mast-cell content of sheep-liver 
capsule (g/ml.). Immersion time | hr at room temperature. 


Liberator Histamine Mast cells 
None ~ 40 ++ 
Sodium chloride 35 ++ 
Water 25 + 


Histamine in tissues with increased mast-cell content 

Many workers: have shown an increase in the number of mast cells in the 
skin of mice painted with tar or a carcinogenic hydrocarbon (for references see 
Riley, 1948; Riley & Drennan, 1949). In the present experiments, a group of 
ten normal albino mice were painted once weekly from nape to tail with 
a 025% (w/v) solution of methyl cholanthrene in acetone, a similar number 
of mice being painted with acetone alone to serve as controls. After 12 weeks 
the animals were killed and the whole of the painted skin was excised. Small 
portions cut from the centre of the strips were taken for histological examina- 
tion and the rest of the material in each group was pooled and extracted for 


p-Tubocurarine 14 +0 
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histamine. The skin in the methyl cholanthrene-treated group had a higher 
content of mast cells and histamine (95 ug/g tissue) than that found in the 
control group (histamine, 45 ug/g tissue). 

We were fortunate in obtaining two mast-cell tumours (mastocytomas) 
from dogs and two mast-cell tumours from children for estimation of their 
histamine content. The first dog mastocytoma, part of a tumour from the 
axilla of a 5-year-old female Boxer dog, was placed at once in trichloroacetic 
acid, a small sample being retained for microscopic examination. Histologically 
the tumour consisted of dense islands of mast cells set in a coarse and abundant 
stroma of collagen and reticulin. Its histamine content was 295 ug/g tissue, 
which exceeds the highest value for normal tissues so far obtained by us (ox 
pleura, 200-280 yg/g tissue). The second dog mastocytoma was a recurrent 
subcutaneous tumour from a 9-year-old male Irish setter. A biopsy specimen 
was fixed at once for rapid histological examination. Unfortunately, the rest 
of the tumour was not placed in trichloroacetic acid until some 12 hr later. 
Histologically the tumour was similar to the first specimen though rather more 
cellular. Its histamine content was then 103 ug/g tissue. 

We have already recorded (Riley & West, 1952) a histamine value of 
50 ug/g tissue in a biopsy specimen from a human case of urticaria pigmentosa 
rich in mast cells, compared with 20 g/g tissue for the skin immediately 
adjacent to the lesion, and have since found a histamine value of 35 ug/g tissue 
in another biopsy specimen of urticaria pigmentosa. Recently, Dr Drennan 
sent us two biopsy specimens, removed and preserved under ideal conditions, 
of human mast-cell tumours, the histology of which he and Dr Beare will be 
reporting in a separate communication. The first tumour consisted pre- 
dominantly of immature and dividing mast cells with an admixture of poly- 
morphs and eosinophils. Estimation of its histamine content gave the excep- 
tionally high figure of 950 g/g tissue. The second tumour contained roughly 
half as many mast cells per unit volume of tissue as the first tumour and these 
mast cells were almost all well differentiated. The second tumour also differed 
from the first in that it lacked polymorphs and eosinophils. Nevertheless, its 
histamine content was 555 ug/g tissue, a value about twice that found in the 
richest normal tissue (ox pleura). 


DISCUSSION 

For the first 60 years after Ehrlich’s discovery of the mast cell (1877, 1879), its 
study was almost entirely histological. Mast cells were demonstrated in most 
animal species, although the irregularity of their distribution shows a capricious- 
ness for which as yet there is no satisfactory explanation. Thus in the mouse 
and rat they are abundant in the loose connective tissues, whereas in the dog 
they are mainly in the liver; they are plentiful in the lungs of the guinea-pig 
and in the lungs and skin of the cat. The rabbit is exceptional among labora- 
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tory animals in having few tissue mast cells though blood mast cells are 
common (for references see Michels, 1938). 

> In 1937, Scandinavian workers, searching for metachromatism in the tissues 
as a clue to the site of formation of heparin, gave the mast cell its first physio- 
logical significance, for they subsequently succeeded in extracting heparin 
from tissues in proportion to the number of mast cells present (Holmgren & 
Wilander, 1937; Jorpes, Holmgren & Wilander, 1937). Subsequent work has 
amply confirmed their findings (Oliver, Bloom & Mangieri, 1947; Ehrich, 
f Seifter, Alburn & Begany, 1949; Julén, Snellman & Sylvén, 1950). 

Now it would appear that the mast cell has a further physiological signifi- 
cance. This began with our observations on the histological effect of histamine- 
liberaters on the mast cells of the rat (Riley, 1952, 19536). Secondly, it was 
shown (Riley & West, 1952) that histamine could be obtained from those 
tissues in which Jorpes (1946) and his colleagues had found heparin (see 
Table 1). This paper presents further evidence that the mast cell has an 
intimate relationship not only with heparin but also with histamine. 

This correlation between histamine and mast cells is well seen when whole 
organs from young and adult animals are compared, and is particularly con- 
vincing when a single adult organ is dissected into its component parts on the 
, basis of its mast-cell content and the parts are then assayed separately for 
histamine. Holmgren & Wilander (1937) described beef liver capsule as ‘a pure 
culture of mast cells’ but our data show that the term is even more applicable 
to ox pleura (PI. 2, fig. 3) in which we found the highest histamine content of 
any normal tissue. The only other tissue present in quantity in pleura and 
capsules is collagen; but beef tendon, rich in collagen and poor in mast cells, is 
almost devoid of histamine. 
| We are unable to explain the somewhat low values for histamine in spleen. 
| It is possible that the spleen in some species contains a substance which 
interferes with the extraction or estimation of histamine but we have no direct 
evidence on this point. 

When we turn to pathological tissues, we find that mast-cell tumours have 
an exceptionally high content of histamine, reaching, in the case of one of the 
human tumours, the remarkable figure of nearly 1 mg/g tissue. Thus mast-cell 
tumours have been used as successfully by us for the extraction of histamine 
as they have by others for the extraction of heparin. Oliver et al. (1947), for 
example, obtained fifty times more heparin from a small mastocytoma than 
from the whole of dog liver, the organ from which heparin received its name. 

Finally, we have tested the effects of histamine-liberators in vivo and 
> in vitro on the mast-cell content of various tissues. As the mast cells in sub- 
cutaneous connective tissue, mesentery and omentum of the rat undergo 
disruption following intravenous injection of stilbamidine or D-tubocurarine, 
so the histamine values for these tissues fall. That at least part of the action of 
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histamine-liberators on mast cells is direct is indicated by the finding that over 
and above the depleting action of aqueous solutions on mast cells and histamine 
in small portions of tissue in vitro, the addition of a histamine-liberator 
removes still more of the histamine which is present. Histological examination 
of the specimens confirms that with increasing liberation of histamine there is 
increasing destruction of tissue mast cells. The present evidence therefore 
suggests that tissue mast cells hold the key to the problem of the intracellular 
location of much of the histamine in the body, and the presumption is strong 
that the histamine is actually located within the mast cells themselves. 


SUMMARY 


1. A strong positive correlation has been found between the histamine and 
mast-cell contents of a variety of normal and pathological tissues. 

2. Mast cells are particularly numerous in the liver capsule of ox and sheep 
and in ox pleura, and these tissues contain considerably more histamine than 
that found in the underlying parenchyma. 

3. Adult organs rich in mast cells yield higher values for histamine than 
immature organs poor in mast cells. 

4. Storage of strips of ox pleura in air and of sheep liver capsule in water 
results in a loss of extractable histamine; addition of a histamine-liberator still 
further accelerates the loss of histamine. These changes are accompanied by 
the disappearance of tissue mast cells. 

5. Intravenous injections of chemical histamine-liberators into rats decrease 
the number of recognizable mast cells in subcutaneous connective tissue, 
mesentery and omentum, with a corresponding loss of extractable histamine. 

6. Repeated painting of the skin of mice with a carcinogenic hydrocarbon 
increases both the histamine content and the mast-cell population of the 
treated skin. 

7. Mast-cell tumours contain exceptionally high concentrations of histamine. 

8. All the evidence suggests that tissue mast cells are rich in histamine. 


We wish to thank Prof. R. B. Hunter of the Department of Pharmacology and Therapeutics and 
Prof. A. C. Lendrum of the Department of Pathology (University of St Andrews) for their interest 
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Hospital, London, and Mr K. H. Head, Royal (Dick) School of Veterinary Studies, Edinburgh, for 
the specimens of mastocytomas from dogs. Material from the human mast-cell tumours was 
kindly sent us by Dr J. M. Drennan, Queen's University, Belfast. The cost of experimental animals 
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EXPLANATION OF PLATES 
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Fig. 1. Section of ox liver. The thick collagenous capsule contains many mast cells and has 
yielded substantial amounts of heparin and histamine. (Toluidine blue.) 


Fig. 2. Section of ox lung. Mast cells are large and numerous in the pleura, small and few in the 

parenchyma. (Toluidine blue.) 
PLATE 2 

Fig. 3. Fresh spread of ox pleura. Note the enormous number of mast cells filled with meta- 
chromatic granules scattered throughout the collagenous pleura. This tissue contained 
proportionately more histamine than any other normal tissue. (Methylene blue.) 

Fig. 4. Fresh spread of sheep-liver capsule. Despite its high content of mast cells, these are rather 
small and poor in granules. (Methylene blue.) 
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CARDIOVASCULAR RESPONSES TO ASPHYXIA IN THE 
FOETAL GUINEA-PIG 


By A. D. M. GREENFIELD anp J. T. SHEPHERD 
From the Department of Physiology, The Queen’s University of Belfast 
(Received 20 October 1952) 


Bauer (1937) showed that clamping the cord of the foetal sheep had two actions 
on the heart. At all ages examined, there was, after some delay, a gradual 
slowing, unaffected by bilateral vagotomy and removal of both stellate ganglia, 
ascribed to a direct effect, probably of asphyxia, on the pacemaker. In 
addition, at the 119th day and later, but not at the 88th day, clamping the 
cord was quickly followed by a profound vagal slowing of the heart. Similar 
results were obtained by Barcroft (1946) on the goat. In the sheep and the 
goat, therefore, the vagal slowing operates in the last third of foetal life, but 
in the rabbit, which is born in a much less mature state, Bauer (1938, 1939) 
could not detect vagal slowing of the heart in response to asphyxia until] 
4 days after birth. 

We now report changes in the heart rate of the guinea-pig foetus which 
follow partial and complete occlusion of the cord. Some of these results have 
already been briefly described (Greenfield & Shepherd, 1952). 


METHODS 


The pregnant guinea-pigs were in most experiments anaesthetized by subcutaneous injection in 
divided doses of about 1-6 g/kg of urethane as a 25% solution in water. In a few experiments 
ether or 0-045 g/kg of chloralose was employed, but the results obtained were similar. 

The foetuses, weighing 14-106 g, were delivered under saline at 37-38° C by caesarian section 
and, with the placenta still attached to the uterus, were observed in plethysmographs as described 
by Shepherd & Whelan (1951). The cord could be compressed by a pneumatic bag at the entrance 
to the plethysmograph for any desired period and at any pressure. A close-fitting lid covered the 
whole saline bath except for the mother’s head, and ensured that the exposed cord and placenta 
were surrounded by an atmosphere saturated with water vapour at a temperature only 2-3° C 
below that of the saline bath itself (Fig. 1). 

The resulting record (Fig. 2) showed both pulse waves due to the foetal heart and volume 
changes due to transfer of blood between foetus and placenta. When the pressure was such that 


the veins alone were occluded, the rate of volume change equalled the rate of blood flow in the 
umbilical arteries. 


| 538 
| 


0-1 ml. per division 


FOETAL CARDIOVASCULAR RESPONSES 539 


Foetus in Support for 
pt. Perspex lid Placenta 
aT 


Fig. 1. General arrangement of the guinea-pig, foetus and plethysmograph within the saline bath. 
A Perspex lid, provided with a demisting heater, maintains a moist warm atmosphere round 
the exposed placenta and cord, which are only partly immersed in the saline. The placenta 
is lightly supported by a thread attached to the membranes at its edge. 
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Seconds 
Fig. 2. Plethysmograph tracings from foetus weight 85-5 g. The circulation was arrested in 
A and C in the umbilical veins, and in B, D and £ in the maternal uterine vessels, the start 
of arrest being shown by the vertical line and the release by the arrows. The tracings C, D 
and E were obtained after injection of 0-05 mg atropine sulphate into the foetal circulation. 
Horizontal scale: intervals of 1 sec. Vertical scale: intervals of 0-1 ml. Changes in heart rate 
are shown in Fig. 3. 
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Occlusion of the umbilical veins. Typical records from an 85-5 g foetus are 
shown in Fig. 2, and the heart rates from these records are plotted in Fig. 3. 
In Fig. 2.A the pneumatic bag was inflated for 5 sec to a pressure of 45 mm Hg 
which was sufficient, to start with, to occlude the veins without reducing the 


Initial A 
heart 
Fate 
135 


20 beats per division 


Fig. 3. Foetal heart rate changes measured from the tracings shown in Fig. 2. 


blood flow through the arteries. During the later part of the 5 sec sufficient 
pressure was built up in the placenta to force some blood back through the 
umbilical veins. The slowing of the heart was detectable in the 3rd sec of the 
application of the pressure, and was greatest about the time the pressure was 
released. The heart then gradually accelerated reaching a maximum rate in 


excess of the initial resting rate 32 sec after the onset of the pressure, and then 
slowly reverted to the initial rate. 
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In some foetuses, and particularly if the obstruction was continued for 
a longer period, there was superimposed on the above changes a slowing of 
sudden onset, the heart rate falling abruptly to about one-half. This slowing, 
as will be seen later, was of quite different origin from the former and was 
presumably due to heart block. 

Occlusion of the maternal uterine vessels. The slowing in Fig. 2A might have 
been due to foetal anoxia, or to effects produced by pressure changes in the 
foetal circulation. It was thought that arrest of the maternal placental circula- 
tion by digital compression of the vessels in the mesometrium would make the 
foetus anoxic without directly and immediately affecting the pressures in the 
foetal circulation. The foetal anoxia would be somewhat delayed and less 
abrupt than that due to umbilical cord compression, because of oxygen stored 
in the placental blood. The result of compressing the uterine vessels for 4—5 sec 
is shown in Fig. 2B, and it can be seen that the pattern of cardiac slowing is 
very similar to that in Fig. 2.4 but that it is delayed for about 5 sec. This 
result, which is typical of ten experiments on five foetuses, shows that slowing 
of the heart similar to that seen on occlusion of the umbilical veins can be 
brought about by asphyxia and does not depend on changes in pressure in the 
foetal circulation. 

Occlusion of all vessels in the umbilical cord. Further evidence that the 
cardiac slowing does not depend on pressure changes in the foetal circulation 
is provided by a comparison of the effect of arresting the flow in the veins 
alone with that of arresting the flow in the veins and arteries. The haemo- 
dynamic consequences of these two procedures must be very different, but it 
can be seen from Table 1 that the effects on the heart rate are very similar. 


Taste 1, The maximum decrease in heart rate following occlusion of the umbilical vessels 
expressed as a percentage of the rate immediately before occlusion. Observations on six 
foetuses. Each figure in the table is the mean of several observations. 


Occlusion of Occlusion of arteries 
veins only and veins 
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Administration of low oxygen and high carbon dioxide mixtures to the mother. 
In these experiments a conical mask was fitted over the head of the mother 
and loosely packed with cotton-wool around her neck. The mask was almost 
completely filled by her head. Gas mixtures were delivered at 10 1./min at the 
closed end, and ran to waste through the cotton-wool. At the start of an 
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experimen t, the mask was placed in position, and air was blown through for 
a few minutes. The gas mixture was then passed for the desired time, and 
finally air was passed again. During the passage of the gas mixture a sample 
of gas was withdrawn during a period of 1 min from a position in the mask 
just in front of the mother’s nose. This sample was always very similar in 
composition to the gas being delivered to the mask, showing that there was 
a negligible amount of rebreathing. This sample has been taken to have the 
same composition as the maternal inspired air. 
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Fig. 4. Effect on the foetal heart rate of administering to the mother 6-8 % oxygen in nitrogen, 
and 7-6% carbon dioxide in air. The points R indicate the resting heart rate, and M the 
minimum rate following 6 sec occlusion of the umbilical veins; these tests were carried out 
immediately after the other observations shown in the figure. 


Fig. 4 shows the effect of breathing 6-8°%, oxygen in nitrogen for 120 sec. 
The foetal heart rate began to slow at about 30 sec and then fell progressively. 
After the return to air, there was a further fall, a transient rise above the resting 
level, a secondary fall, and finally a return to normal. These changes in heart 
rate follow the usual pattern which we have seen in nine experiments on three 
foetuses from different litters, and of weights 57-5, 78-5 and 103 g. The average 
time for the start of the exposure to a low oxygen tension to definite slowing 
of the heart was 23 sec. This is a longer latent period than was found after 
arrest of the circulation in the maternal uterine vessels, but this is only to be 
expected in view of the oxygen stored in the mother’s lungs and circulating 
blood. At the end of the experiment the umbilical veins were occluded for 
6 sec, and this produced the cardiac slowing indicated in the figure. 


eo &@ 


FOETAL CARDIOVASCULAR RESPONSES 543 


Fig. 4 also shows the effect of letting the mother breathe a mixture of 
76% OO, in air. The heart rate showed only a slight fall and in six such 
experiments (on the three foetuses used for the low oxygen observations and 
one other foetus) the average change in heart rate at the end of the exposure 
was @ fall of only 25%. At the end of the experiment the umbilical veins 
were again occluded for 6 sec, and this still caused a marked slowing of the 
heart, averaging 34%, showing that the heart slowing mechanism was still 
active. 

In the experiments shown in Fig. 4 observations of umbilical blood flow 
were also made, To reduce as much as possible the disturbance of foetal heart 
rate caused by venous occlusion this was maintained for periods of only 
1-1-5 sec. Further, in plotting the heart rates care has been taken to exclude 
measurements which may have been disturbed by these short venous 
occlusions: similar changes in heart rate were observed in other experiments 
in which no records of flow were made. The umbilical blood flow showed no 
significant alteration during the administration of low oxygen or high carbon 
dioxide mixtures. In another experiment, however, in which 6% oxygen was 
given for 2 min, the umbilical blood flow, which was well maintained during 
the early phase of cardiac slowing, fell to about one-half towards the end of the 
exposure, and recovered only gradually over the next 5 min. Throughout this 
time there was no correspondence between heart rate and umbilical blood flow. 

Administration of oxygen to the mother. In one experiment the mother was 
given oxygen to breathe for 3 min periods to see whether this would reduce 
the effect on the heart rate of arresting the flow in the umbilical vessels for 
6 sec. No reduction was found in any of three exposures. A reduction of the 
slowing might have been taken to support an anoxic hypothesis of cardiac 
slowing, but the negative findings in this experiment are of doubtful value as 
evidence against such an hypothesis. It is not certain that administration of 
oxygen to the mother materially improves the oxygen tension within the 
foetus. Again, the effective stimulus may be a rapidly falling oxygen tension 
rather than a persisting low tension, and if this is so, raising the oxygen tension 
within the foetus would not alter the response to arresting the flow in the 
umbilical vessels. 

The effect of atropine. Following the administration of 0-05 mg of atropine 
sulphate into an umbilical vein, the heart rate of the foetus shown in Fig. 2 
increased from about 140 to more than 230 beats per min. Inflation of the 
pneumatic bag to 35mm Hg for 5 sec now failed to slow the foetal heart 
(Fig. 2C). Arrest of the maternal placental circulation for 5 sec was also 
without effect on the heart rate (Fig. 2D). When the maternal placental 
circulation was arrested for 11 sec, although there was no trace of gradual 
slowing of the heart during or after the arrest, there was, 4 sec after release, 
a sudden drop from 240 to 75 beats per min and 20 sec later an equally abrupt 
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recovery to the initial rate. It was therefore concluded that the gradual 
slowing observed before atropine was mediated through the vagus nerve, and 
that the sudden slowing following prolonged foetal asphyxia whether or not 
the foetus was atropinized, was presumably due to heart block. Atropine was 
administered to seven other foetuses, and in all cases the effects were similar. 
The remainder of this paper is concerned with the gradual slowing of the heart 
which is abolished by atropine. 


35. 


Fig. 5. Effect on the foetal heart rate of inflating the pneumatic bag applied to the 
umbilical vessels to various pressures. Inflation started at 0 sec and ended at 5 sec. 


The relationship between the asphyzial stimulus and the slowing of the heart. 
The effect of inflating the compressing bag for 5 sec at a range of pressures 
from 5 to 35 mm Hg is shown in Fig. 5. The lowest pressure which caused 
a slight slowing of the heart was 10 mm Hg. This pressure failed at any time 
to arrest, although it reduced the blood flow in the veins. Higher pressures 
had effects on the heart rate roughly in proportion to their impedance of the 
umbilical venous blood flow as judged by the amount of blood accumulated 
in the placenta during the inflation of the cuff. As already mentioned, the 
slowing of the heart was in general the same when the pressure was sufficient 
to occlude both arteries and veins as when it occluded the veins only and 
allowed blood to flow into the placenta through the arteries. 

The effect of inflating the bag to 20 mm Hg for periods from 1 to 8 sec is 
shown in Fig. 6. This pressure was sufficient to arrest the flow of blood in the 
veins for the first few seconds of its application. Definite slowing of the heart 
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followed by quickening to a rate faster than the resting level was found in 
every case, but the size of the response was dependent on the duration of the 
inflation. It is clear, therefore, that a very brief arrest is effective and that the 
response in this foetus had a latency of only 2-3 sec. 
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Fig. 6. Effect on the foetal heart rate of inflating for different times the pneumatic bag applied 
to the umbilical vessels. Pressure 20 mm Hg. Inflation started in each case at 0 sec, and 
ended at the points indicated by the short vertical lines. 


The development of vagal slowing of the heart. Fig. 7 shows the relationship 
between foetal weight and the slowing of the foetal heart which follows the 


application for 5 sec of a pressure sufficient initially to occlude the veins 
without obstructing the arteries. The slowing is in each case represented as 
a percentage of the resting rate, and each point represents the average of 
several observations, usually four to six, on the same foetus. The response is 
on the whole much better developed in the heavier than in the lighter foetuses. 
The age range of the foetuses in our series is unknown, but Draper’s (1920) 
data suggest that they ranged from 43 days to full term (64 days). The 
response therefore develops, in most foetuses, during the last third of foetal 
life. The degree of slowing of the heart usually varies considerably even among 
the foetuses of a single pregnancy; sometimes one foetus shows no slowing, 
while in the others it is conspicuous. 

Relationship of changes in wmbilical blood flow to changes in foetal heart rate. 
It was usually found that the umbilical blood flow at the height of _—e 

PH. OXX. 
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of the heart was not greatly altered. Results from a typical experiment are 
shown in Fig. 8. In some cases, and particularly in foetuses without a well- 
marked slowing, the second of two observations made at an interval of a few 
seconds showed an apparently increased umbilical flow. 


Percentage decrease in heart rate 
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Fig. 7. Percentage decrease in heart rate following occlusion of umbilical veins for 5 sec 
in foetuses of various weights. 
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Fig. 8. Plethysmographic tracing from foetus weight 81-2 g. The umbilical veins were occluded 
during the periods indicated by the horizontal lines. First record: heart rate 270 beats/min. 


Second record: heart rate 195 beats/min, umbilical blood flow 78 ml./kg foetal wt./min. 
Horizontal scale: intervals of 1 sec. Vertical scale: intervals of 0-05 ml. 


The general relationship of heart rate to apparent umbilical blood flow 
changes following short periods of venous occlusion is shown in Fig. 9A. Only 
in foetuses showing severe slowing was there a notable fall in umbilical flow. 
If the umbilical blood flow is a fairly constant fraction of the foetal cardiac 
output this shows that the foetal heart, even at this early stage, is able by an 
increase in stroke volume to make up for a fall in heart rate. 

This view of the action of the heart is supported by observations on a foetus 
in which the heart rate changed repeatedly from 100-130 to 220-270 beats/min 
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and back again for no apparent reason, the heart rate remaining steady for 
a time at either level. The rate of umbilical blood flow, as may be seen from 
Fig. 9B, was independent of the heart rate. 
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Fig. 9. Simultaneous measurements of foetal heart rate and umbilical blood flow. A: changes in 
heart rate produced by occluding umbilical veins as in Fig. 8. B: spontaneous changes in 
heart rate. 

DISCUSSION 


Barcroft (1946), working on foetal sheep, pointed out that removal of the 
foetus from the uterus, the cord and placenta being left intact, released the 
vagal tone of the heart in the younger foetuses, and suggested that this was 
due to damage to the medullary vagal centre. Such damage would explain 
the apparent absence of the slowing in the lighter foetuses of the present series. 

The following evidence suggests that the vagal centre of the guinea-pig 
foetus is less liable to damage than that of the sheep foetus. (1) In none of our 
animals was there any tendency for the foetal heart to quicken as the experi- 
ment proceeded. In fact the first sign of deterioration was always a slowing 
of the heart. (2) The resting heart rate did not vary in any regular way with 
foetal weight. Had vagal tone been released in the lighter foetuses by damage 
to the centre, it is likely but not certain that the rate would have been faster 
in them than in the heavier foetuses. (3) In foetuses of intermediate weight, 
and which showed slowing of the heart after umbilical venous occlusion, we 
never observed a lessening of the slowing after periods of observation i 
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as 5 hr. The lighter foetuses may have been more tender, but one would have 
to suppose that, if their vagal centre were damaged, the damage was complete 
in the 3-5 min between caesarian section and the first observation, while in 
slightly larger foetuses no damage was evident after 5 hr. 

A failure to show slowing is unlikely to be due to the heart becoming too 
damaged to respond. In some of the heavier foetuses, towards the end of an 
experiment, the heart rate fell to about 100 beats per min, but slowing was as 
easily provoked at this slow rate as at the faster rate earlier in the experiment. 

It might be argued that the vagal response could have been observed in the 
lighter foetuses by prolonging the occlusion. This point cannot be tested, as 
prolonged occlusion leads to a sudden slowing of the heart, presumably due to 
heart block, and this may mask superimposed vagal slowing. On the other 
hand, if the vagal slowing has been present following an occlusion of 6 sec, 
there has always been a response when shorter occlusions have been tried 
(Fig. 6). 

These considerations indicate that the data in Fig. 7 are valid. 

The view that the slowing is mediated by efferent vagal fibres depends on 
its abolition by atropine. Vagal activity might be brought about by stimulation 
of the medullary centre, or of baroceptors or chemoceptors. The following 
evidence suggests that the slowing is brought about by foetal anoxia rather 
than by stimulation of foetal baroceptors or carbon dioxide accumulation. 
(1) Compression of the umbilical veins and compression of all the vessels in 
the cord both interrupt the return of oxygenated blood to the foetus. The 
former, however, causes an acute loss of blood from the foetus into the placenta, 
while the latter leaves the volume of blood in the foetus unchanged. Although 
the pressure changes produced in the foetus are presumably dissimilar, the 
effects on the foetal heart rate are similar. (2) Arrest of the maternal uterine 
circulation, and giving low oxygen mixtures to the mother slow the foetal 
heart without directly interfering with foetal haemodynamics. (3) High 
carbon dioxide mixtures given to the mother do not slow the foetal heart 
appreciably. 

Two questions remain. Are these examples of slowing all brought about in 
the same way? Is the latency of the response to umbilical vessel occlusion too 
short for the slowing to be due to a chemoceptor reflex or a direct action of 
anoxia on the medullary vagal centre? As to the first point, the latency of the 
responses varies in the way that might be expected. The small oxygen store 
in the placenta and in the maternal circulation and lungs would delay the 
effects of clamping the maternal uterine vessels or giving the mother a low 
oxygen mixture to breathe. As to the second, the arrest of the umbilical 
venous return of oxygenated blood must reduce the oxygen tension in the 
foetal arterial blood with a suddenness which cannot be matched after birth 
even by breathing pure nitrogen. 
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The increase in heart rate above the resting level which often follows the 
slowing could be due either to reduction of vagal tone or to sympathetic 
stimulation. It is impossible on the evidence at present available to decide 
between these possibilities. The increase is abolished by atropine (Fig. 3), but 
it may be that with a complete abolition of vagal tone the sympathetic is 
unable to raise the heart rate further. 

The guinea-pig, like the sheep, is born in a very mature state compared with 
the rabbit, and these results are consistent with the view that the development 
of the slowing is related to general foetal maturity rather than to the time of 
birth. 

Unlike Bauer’s findings in the rabbit and sheep, the direct effect of anoxia 
on the foetal guinea-pig’s heart seems to cause a heart block and not a general 
depression of the cardiac muscle. 


SUMMARY 


1, Temporary occlusion of the umbilical vessels of the foetal guinea-pig 
causes slowing of the foetal heart with a latency of 2-3 sec. 

2. Temporary occlusion of the maternal uterine vessels causes similar 
slowing after a somewhat longer delay. 

3. These effects are abolished by atropine. 

4. Giving the mother low oxygen mixtures to breathe causes slowing of the 
foetal heart; high carbon dioxide mixtures are without effect. 

5. The slowing is considered to be provoked by foetal anoxia and mediated 
through efferent vagal fibres. 

6. The slowing is absent in foetuses of less than 20-35 g and therefore 
develops late in pre-natal life. 

7. Prolonged foetal anoxia leads to heart block. 


We are most grateful to Prof. H. G. Lamont and Dr J. K. L. Pearson of the Veterinary Research 
Farm, Stormont, for supplying some of the pregnant guinea-pigs. We wish to thank Dr W. H. T. 
Shepherd for assessing by radiology the maturity of the foetuses before the experiments. 
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REDUCTION OF TISSUE HISTAMINE 
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It is widely accepted that histamine can be released under various conditions 
from the tissues, but scarcely anything is known about its restoration. One — 
of the reasons for this gap in our knowledge has been the lack of a method by 
which a tissue could be depleted of its histamine and the subsequent changes 
in histamine content followed up. The position has been changed in recent 
years by the findings, particularly those of MacIntosh & Paton (1949), that 
there exist a number of substances which have the property of releasing 
histamine from a tissue without producing visible structural damage. These 
substances are generally referred to as histamine liberators. In the experi- 
ments of the present paper they have been injected into animals in order to 
reduce the histamine content of a tissue and to find out how long it takes for 
the tissue to regain its original histamine level. 

If this restoration were to proceed quickly, factors influencing the rate of 
restoration might be studied; if it were to proceed slowly, it would be possible, 
in addition, to study in a more or less histamine depleted tissue, reactions for 
which histamine is assumed to play a dominant role. 

Local and general reduction of tissue histamine could be obtained in several 
organs such as skin and skeletal muscle, and it was found that restoration to 
normal histamine level was a slow process. Two skin phenomena which are 
attributed to release of histamine were then studied in such histamine depleted 
skins: (1) the anaphylactoid reaction of rats to egg-white and (2) the reactions 
to light of rats photosensitized with haematoporphyrin. 


METHODS 


The experiments were carried out in dogs and rats. The histamine liberator mainly used was 48/80 
(Paton, 1951; Feldberg & Paton, 1951; Paton & Schachter, 1951); in a few experiments on rats 
propamidine (MacIntosh & Paton, 1949) was used. 


* Santiago. British Council Fellow. 
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_ Dogs, They were anaesthetized with intravenous injections of thiopentone sodium and, under 
aseptic conditions, a skin incision, about 2 cm long, was made over the right femoral artery near 
the junction with the saphenous vessels. The femoral artery was freed and clamped above and 
below the origin of the saphenous artery. Compound 48/80 (0-5 ml., 1 in 1000) was then injected 
with a fine needle into the saphenous artery. The clip above the origin of the saphenous vessel 
was first removed and the other clip a minute or so later. Bleeding from the puncture in the wall 
of the saphenous artery was easily stopped by light pressure with cotton-wool. The skin was 
then sewn together, except in those experiments in which the skin was examined during the first 
hours after the injection, and the animal allowed to recover. 

Rats. In order to study the effect of 48/80 at the site of injection, a shaved area of skin on the 
abdomen was marked by tattooing four spots with indian ink. 1 ml. saline solution, with or 
without 48/80 (1:2000) or propamidine (1:500), was injected and distributed with a fine long 
needle subcutaneously within the marked area, producing a bleb about 2 cm long and 1 om wide. 
In order to study the general effects of 48/80, it was injected in a solution 1 in 1000 intraperi- 
toneally. The routine treatment adopted in most experiments was to begin with about 100 ug 
per rat and to increase the dose by 50-100 ug up to 600 ug. The animals were injected once or 
twice daily; if twice, in the morning and in the afternoon. Such courses of treatment in three 
groups of rate are illustrated in Table 3. 

In order to produce in rate the anaphylactoid reactions to egg-white, 2 ml. egg-white were 
injected intraperitoneally. In order to render rats photosensitive, a slightly alkaline solution of 
purified haematoporphyrin, prepared and kindly supplied to us by Prof. Rimington, was injected 
intraperitoneally. The animals were then kept in the dark; 17-20 hr later they were exposed to 
the light of a normal carbon arc lamp used for projection, in which a water-cooling system pre- 
vented heating the animals. They were placed in a glass beaker about 30 om away from the lamp. 

Extraction of tissue and assay. When skin samples were taken, the skin was first shaved. The 
tissue to be extracted was cut into fine pieces in n-HCl (about 2 ml./g) and ground with a little 
sand in a mortar. During the grinding, about 10 ml./g distilled water was added. The extract 
was put into a flask, the mortar washed several times with a little saline solution and the washings 
added to the flask, the content of which was boiled for a minute or two. Before assaying the 
extract it was filtered through cotton-wool, neutralized with n-NaOH, and made up to a given 


- volume. The assay for histamine was on the atropinized guinea-pig’s ileum preparation suspended 


in magnesium-free Tyrode solution. All values for histamine refer to the base. 


RESULTS 


Injection of 48/80 into the saphenous artery of dogs 
In several dogs, provided anaesthesia was not too deep, the injection of 500 ug 
48/80 into the left saphenous artery elicited one or two gasping movements 
within a few seconds, In unpigmented or slightly pigmented dogs, the shaved 
skin distal to the site of injection was seen to redden; in addition, there was 
contraction of the pilomotors leading to a goose-flesh-like appearance. A similar 
observation on isolated skin preparation has been described by Feldberg & 
Schachter (1952). The injection of 48/80 led, further, to the development of 
local oedema in skin and subcutaneous tissue. The degree of oedema varied 
from dog to dog and was often negligible. We have so far not been able to find 
the conditions which favour oedema development. In order to obtain a 
measure for the degree of oedema, the thickness of skin folds of various corre- 
sponding regions of both limbs was measured, according to the method 
described by Paton & Schachter (1951), before and at various intervals after 
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the injection. The changes in the thickness of the skin occurred only in the 
injected limb and below the site of injection. 

In one experiment (no. 7 of Table 1) the oedema development was particularly 
striking. The thickness of skin folds from the inner side of the thigh, knee and 
lower half of the leg was originally 2-7, 3-5 and 2-7 mm respectively. In the 
thigh, i.e. above the site of injection, the thickness remained unchanged; the 
values obtained were between 2-6 and 2°8 mm. On the other hand, the thick- 
ness of the skin folds in the other two regions rose from 3-5 to 11-5 and from 
2-7 to 10°7 mm. The time course of development and disappearance of this 
oedema in the two regions is seen from Fig. 1, in which the increases in skin 
thickness are given as percentages. 

Taste 1. Effect of injections of 48/80 into right saphenous artery in dogs. Histamine in ug/g 


for corresponding regions from inner side of hind-limbs. Figures in heavy type are plotted in 
Fig. 2. a, region of knee; b, middle of leg; c, above foot. ; 


Histamine (ug/g) 

Left limb Right limb percentage of left 

Expt. no. injection a b c a b c a b c 
1 No injection 106 74 #+$+176 126 908 104 #4119 #121 «137 
2 No injection 9-4 90 8 90 73 $%+T 068 81 
3 Noinjection 125 100 70 80 73 T4 G4 73 106 
4 Noinjection 105 100 86 95 90 89 91 9 103 
5 30 min — — 21 — — 
6 2hr so — —- — — 
7 4hr 8-7 6 SA 86 156 217 6. 
8 5 hr 103s — — — 
9 1 day 8-2 — 77 85 — 138 1040 — 17 
10 2 days 4-4 47 656 37 O8 08 & WW 14 
11 4 days 164 106 94 126 38 #14 £43 15 
12 6 days 6-1 63 365 08 Si 1 
13 7 days 80 80 67 32 40 8% 4 8 
14 11 days 10-5 4-7 78 5-2 15 1-2 50 32 15 


As seen in Table 1, the histamine content of the untreated skin from the 
inner side of the hind-limbs varied between 4-4 and 16-4 ug/g, but most of 
the values lay between 6 and 11 g/g. In most experiments the skin histamine 
was determined (a) at the knee, (b) in the middle of the leg, and (c) above the 
foot. The values for these three regions in the same limb were usually close to 
each other, but in some the three values showed greater differences. The higher 
values were then often from the upper part of the limb. Table 1 gives the three 
values for untreated skin in fifteen limbs of eleven dogs; the mean values for 
the regions (a), (b) and (c) were 9-5, 7-6 and 7-6 ug/g, and the maximal 
difference between the three regions in each limb was between 0 and 55°, 
(mean 25%). 

In the Expts. 1-4, the histamine content of the left and right limb was 
compared without injecting 48/80. With the exception of Expt. 3, the values 
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for corresponding areas of the two limbs agree well with each other so that 
one limb can be used as control. 

The injection of 48/80 led to a pronounced reduction in the histamine 
content of the affected limb. In two of the four experiments of Table 1, in 
which the skin was examined during the first few hours after the injection, 
the content dropped to 8%, of its original value. This reduction may have been 
accentuated by the development of skin oedema, but this factor could no 
longer have contributed to the reduction obtained one or more days after the 


j Pe 
/ 
/ 
/ 
200 + / 
/ 
= x 
£ 
/ 
100 
/ 
/ 
0 1 2 3 4 5 


Hr 
Fig. 1. Changes in skin thickness (oedema) at the inner side of hind-leg of dog after arterial 
injection of 500 yg 48/80 measured at level of knee ( x — x) and above foot (@—@®). 


injection when no oedema was present (Expts. 9-15). In these experiments 
(with the exception of Expt. 15) the reduction was least in the skin of the 
knee. Probably the 48/80 reached this skin region in a lower concentration 
than the more distal parts. The smaller variation between the histamine 
values in these are probably also accounted for by uneven distribution of the 
injected 48/80 in the skin. This result resembles one obtained by Feldberg & 
Paton (1951) on isolated perfused skin preparations, in which the arterial 
injection of a histamine liberator reached the centre of the perfused skin 


apparently in a higher concentration, since it produced a greater effect there 


than in the periphery. 
The results of Table 1 show that the histamine is only slowly restored 
within 20 days after the injection. A good indication of the slow rate of 


ne 

Ly 

id 

1é 

1e 

il 

Q 309 | 

lg 

in 

{ 

of 


554 W. FELDBERG AND J. TALESNIK 

recovery is obtained by plotting the greatest percentage reduction in each 
experiment after the first day of injection against time. This has been done 
in Fig. 2; the values taken are those underlined in Table 1. In drawing the 
line the value for the seventh day after injection has been discarded. This 
appears justified, because in this experiment probably none of the examined 


100 
90 
| 
70 
<£ 
5 “r 
| 
10} 
& 5 10 15 20 


Days 


Fig. 2. Slow recovery of histamine content of dog’s skin after arterial injection of 48/80 at the 
arrow. The values taken for skin histamine are those underlined in Table 1. (For details 
see text.) 


pieces of skin was originally sufficiently depleted by the injection of 48/80, 
so that the relatively high values obtained on the injected side are not 
necessarily an indication of recovery. 


Subcutaneous injections of 48/80 into rats 
A subcutaneous injection of 48/80 causes a great reduction in skin histamine 
at the site of injection, and the histamine of the depleted skin is only gradually 
restored in the following weeks. This is shown by the results of Fig. 3, obtained 
from sixty-nine male rats weighing between 120 and 140 g. 

The sixty-nine rats were grouped as follows: one group (twelve rats) was 
used to determine the individual variations in skin histamine of rats of this 
size; @ second group (twelve rats) to determine the skin histamine at the site 
of a saline injection, and a third group (forty rats) at the site of an injection 
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of 48/80 at various intervals after the injection. A fourth group (five rats) 
was used to determine the skin histamine of rats kept without treatment for 
40 days; this led to an increase of body weight of about 100 g. 

The histamine values of the twelve rats of the first group were 26-5, 27-2, 
27:2, 27-2, 29-2, 32-0, 32-0, 36-5, 37-0, 37-5, 41-0 and 47-0 ug/g (mean value 
33-2 wg/g). In Fig. 3 the area between the two dotted, horizontal lines 
represents the maximal dispersion of normal values. 


Histamine (jig/g) 
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Fig. 3. Recovery of histamine content of rat’s skin at site of subcutaneous injection of 500 yg 
48/80 (O—©) and of saline solution (@—@). (For details see text.) 


The twelve rats of the second group were each given a subcutaneous injection 
of 1 ml. saline solution. Six rats were killed after 90 min and the histamine 
values of their skins were 11-9, 12-2, 14-8, 21-0, 26-0 and 36-8 yg/g (mean 
17-2 ug/g). The other six rats were killed after 24 hr and their histamine values 
were 22-0, 25-2, 34-0, 34-8, 34-8 and 36-0 ug/g (mean 31-1 ug/g). Thus the 
skin histamine from the site of a subcutaneous saline injection is somewhat 
reduced when determined 90 min after the injection, but returns again 
practically to normal within 24 hr. This is shown in Fig. 3 by the interrupted 
line obtained from the mean values of this group of rats. The transient reduc- 
tion is easily accounted for by an increased fluid content of the skin at the 
injection site and the return to normal by absorption of this fluid. 
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A different result was obtained in the third group of rats which had been 
given subcutaneous injections of 500 wg 48/80 in 1 ml. The histamine content 
of the skin at the injection site had dropped to between 2-1 and 5-7 ug/g 
(mean 3:3 g/g) in the six rats killed 2 hr after the injection. This reduction 
was greater than that produced by saline injection alone and was not transient. 
About the same low values were obtained in the six rats killed 3 days after the 
injections; their histamine values varied between 1-7 and 7-3 ug/g (mean 
4:3 ug/g). In the following weeks rats were killed on the 6th, 11th, 20th, 30th 
and 41st day after the injection. In Fig. 3 the individual values of skin hista- 
mine at these different times after the injection are given as dots and a line 
is drawn between the mean values given as circles. It is clear that the skin 
histamine is only gradually restored during this period. On the 41st day after 
the injection, seven rats were killed; their skins were not examined separately 
but pooled; therefore no individual values are shown for this time period in 
Fig. 3. The value for the pooled skin was 22-0 ng/g and was thus 34% below 
the original mean value of 33-2 yg/g for the normal skin. This reduction must 
still be attributed to incomplete restoration of the normal histamine comple- 
ment, because there is no similar change in skin histamine of control rats 
(fourth group) kept for the same length of time without injection. This is 
evident from the histamine value of 35-0 ng which was obtained from the 
pooled skins of such rats. This value is shown in Fig. 3, within the area of the 
normal values, as a dotted circle on the 41st day. 

The changes in skin histamine after a subcutaneous injection of 500 yg of 
48/80 were confined to the site of injection ; the skin histamine in other regions 
remained almost unchanged; there were also usually no general symptoms of 
histamine liberation. These occurred, however, when larger doses (1 mg) were 
injected subcutaneously ; such injections also produced some reduction in the 
histamine content of the skin throughout the body. 


Subcutaneous injections of propamidine into rats 

A subcutaneous injection of propamidine causes the same long-lasting 
reduction in the skin histamine at the injection site as 48/80. This was shown 
in one experiment for which twelve male hooded rats weighing 100 g were 
used. Four served as controls and the remainder were each injected with 
2 mg propamidine in | ml. saline. Four of them were killed after 24 hr and 
the other four after 14 days, together with the controls. The weight of the 
rats had increased by about 50 g during the fortnight. The skin samples of 
the — oe in re group were pooled. The histamine content of the controls 
was g; it fell to 5-8 24 hr after the injection, and was still 8 
14 days after the 
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: Intraperitoneal injections of 48/80 into rats 

A first intraperitoneal injection of 500 ug 48/80 or more, into rats weighing 
between 100 and 140 g, led to severe symptoms which consisted in scratching 
movements indicating sevtre itching, cyanosis and pronounced prostration, 
often resulting in death. If the animal survived, the skin of the feet and ears 
became red within about an hour and when the animals recovered from the 
state of prostration, oedema usually developed. This was particularly notice- 
able in the feet, ears and the face around the mouth and nose. 

A first intraperitoneal injection of 100-200 wg was never lethal in rats of 
this size ; it produced signs of itching, cyanosis and some prostration. The main 
effect consisted of a severe oedema of the reddened ears, back of the head, the 
face and the feet; the oedema started within 20 min and often spread over 
the whole leg. In that case the bluish red skin could be seen through the fur 
because the single hairs were far apart. The swollen, discoloured face, ears, 
feet and tail gave the rats a typical appearance. Re-injection of the same dose 
of 48/80, 6 or 24 hr later, when the symptoms of the first injection had dis- 
appeared, produced practically the same result. The prostration was perhaps 
less pronounced and the oedema more severe. With subsequent injections of 
100-200 ug 48/80, the symptoms decreased gradually in intensity and finally 
the animals no longer reacted with the described symptoms with, perhaps, the 
exception of some prostration. If the dose of 48/80 was then increased, all 
symptoms of scratching, redness, oedema and severe prostration reappeared ; 
but at this stage a dose of 600 ug was no longer lethal. When this dose was 
given once or twice daily, a condition was finally reached in which it no longer 
produced signs of itching, cyanosis or oedema but only slight weakness. 

Such prolonged treatment with 48/80 greatly reduced the histamine content 
of skin, skeletal muscle and heart, but not of stomach, duodenum or liver. 
This is illustrated in Figs. 4-6, in which, if not otherwise stated, each value 
was obtained by pooling equal weights of tissue from four rats that had 
undergone the same treatment. In detail, the results were as follows: 

Skin. The skin of the feet was found to have a higher histamine content 
than that of the abdomen. In the experiment of Fig. 4 the values for the skin 
of the abdomen and feet of the untreated animals were 24 and 65 ug/g 
respectively. During the treatment with 48/80 both values fell to less than 
5 wg/g; these low values were obtained after five injections given within 
3 days. When the injections were discontinued, the histamine rose gradually 
at about the same rate in the skin of both regions. Within 45 days the skin 
histamine had risen to 24 and 26 ug/g respectively. This corresponds to the 
normal histamine content of the skin for the abdomen but only to about 40% 
of that for the feet. The skin of the feet, which originally contains a higher 
histamine content than that of the abdomen, thus requires a longer time to 
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restore its normal histamine complement. This difference becomes apparent 
when the histamine contents are plotted as percentages of the normal values 


(lower tracing of Fig. 4). 
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Fig. 4. Effect of intraperitoneal injections of 48/80 on histamine content of rat’s skin from 
abdomen ( x --- x) and feet (O—O). Upper tracings histamine content expressed in yg/g 
skin; lower tracings in percentages of normal values. Eight days’ treatment with increasing 
doses of 48/80 as indicated. (For details see text.) 


Cardiac and skeletal muscle. The histamine content was determined for the 
whole heart, the diaphragm and the gastrocnemius muscle. For these tissues 
the control values were determined from three groups of four rats. The values 
for the heart were 1-7, 2-3 and 2-5 (mean 2-2 ug/g); for the diaphragm 6-4, 
8-0 and 11-0 (mean 8-5 ug/g) and for the gastrocnemius 2-2, 2-3 and 3 (mean 
2-5 wg/g). Fig. 5 shows the reduction in histamine content of these tissues 
after treatment with 48/80 and the recovery during the following weeks. 
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Fig. 5. Effect of intraperitoneal injections of 48/80 on histamine content of rat’s diaphragm 
(x— x), gastrocnemius (O—O) and heart (@---@). Same rate as in experiment of Fig. 4. 
Upper tracings histamine content expressed in yg/g muscle; lower tracings in percentages of 
normal values. (For details see text.) 
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Fig. 6. Effect of intraperitoneal injections of 48/80 on histamine content of rat’s stomach ( x — x), 
duodenum (O—O) and liver (A—A). Same rats as in experiment of Figs. 4 and 5. (For 

details see text.) 
Liver-stomach and duodenum. The treatment with 48/80 did not produce 
a definite reduction in the histamine content of these tissues as in skin and 
skeletal muscle (see Fig. 6), although the histamine values for stomach and 
intestine were as high or higher than those for the muscle. The low value 
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obtained for the stomach after the first two injections may have been due to 
oedema of the stomach wall, because there was in all four rats a gastric ulcer 
with oedema round the ulcerated region. In subsequent days no ulcers were 
seen. The fact that 48/80 produces gastric ulcers confirms a similar observation 
made by Smith (1953) in cats. 


Reactions of normal and 48/80 treated rats to egg-white 

It is well known that in rats intraperitoneal injections of egg-white produce 
a characteristic distribution of oedema in the skin which affects particularly 
the regions of the paws and legs, of the face around the nose and lips, and 
around the region of the external genitals and the root of the tail (Selye, 1937 ; 
Léger, Masson & Prado, 1947; Léger & Masson, 1947). The affected rats show, 
in addition, signs of itching, as evidenced by vigorous scratching. The 
symptoms resemble very much those produced. by intraperitoneal injections 
of the histamine liberator 48/80. This fact, together with the observation by 
Feldberg & Schachter (1952) on the ability of horse serum to release histamine 
from the skin of the non-sensitized cat, led Schachter & Talesnik (1952) to 
examine whether egg-white causes its symptoms by release of histamine, 
a possibility discussed by various authors (for references see Schachter & 
Talesnik, 1952). They found that there is a sharp, pronounced rise in the 
histamine plasma level after an intravenous injection of egg-white. Further 
evidence for the histamine-releasing property of egg-white in rats is provided 
by the finding that a single intraperitoneal injection is sufficient to cause some 
reduction in the skin histamine, as illustrated by the results of Table 2. Each 
value in the table refers to pooled skin samples from four rats. Those treated 
with egg-white were killed 24 hr after the injection, when the signs of oedema 
had disappeared. 


TaBLE 2. Effect of intraperitoneal injection of 2 ml. egg-white on skin histamine 


of white male rats of about 120 g 
Histamine (ug/g skin) 
examined Controls egg-white (%) 
Abdomen 34-4 190 45 
Thigh 29-0 18-0 38 


In order to test the response of rats in which the skin was more or less 
depleted of its histamine by 48/80, an experiment was made on twenty-seven 
rats weighing between 100 and 130g at the time of egg-white injections. 
Twelve rats served as controls. The intraperitoneal injection of 2 ml. egg- 
white produced in all but one of these pronounced oedema of the skin with 
the typical distribution in face, hind- and fore-legs and around the external 
genitals and root of tail. In some, the effects started within the first 20 min 
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and were complete within the first hour, in others the onset and development 
of symptoms were delayed, but always complete within two hours. 

Depletion of skin histamine was produced by prolonged treatment with 
48/80. Two groups of rats were used. One, consisting of five rats, was treated 
for 4 days, the egg-white being injected 24 hr after the last injection of 48/80. 
In two rats of this group, the egg-white produced no oedema; in the remaining 
three, some oedema developed but only in the feet, and here it was delayed and 
slight. Instead of the uniform, strong swelling of the paws and feet in the 
control rats, there were only patches of slight swelling and only on one or two 
legs in each rat. No oedema occurred in these rats around the face. 

The other group of ten rats was treated with 48/80 for a longer period. The 
treatment is shown in Table 3 which gives the daily injections (one or two) of 
48/80 in wg per rat. All rats were injected with 2 ml. egg-white intraperi- 
toneally 24 hr after the last injection of 48/80. In none of the ten rats did the 
egg-white injection produce any visible signs of oedema. 


TaBLE 3. Courses of treatment of rate of 100-200 g with 48/80 for 
egg-white and photosensitization experiments 


pg 48/80 injected for experiments with 
Egg-white Light exposure after 
Day (4 rats) (6 rate) (6 rats 
1 200 100 100, 150 
2 100 150, 150 200, 250 
3 100 200, 200 250, 300 
a 200 250, 250 350, 400 
5 200 250, 300 400, 400 
6 200 350, 350 400, 400 
7 300 400 500, 500 
8 300 350 600 
9 400 400 600 
10 400 400 600 
ll 500 400 _ 
12 400 _ 
13 400 


of photosensitized, normal and treated 

rats to light exposure 
When the results with egg-white described in the previous paragraph were 
communicated to the Physiological Society, Sir Henry Dale suggested that 
we should also test the effect of light on photosensitized rats before and after 
treatment with 48/80. Exposure of normal rats to the light from a carbon arc 
17-20 hr after an intraperitoneal injection of 20-40 mg purified haemato- 
porphyrin produced profound effects in the ten rats examined. During the 
light exposure (1 hr) the rats became restless and started violently scratching 
the nose, ears and other parts of the body; the ears became cyanotic and then 
oedematous. 
PH. OXX. 
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After the exposure, five of the rats showed very little sign of being generally 
affected. In these rats oedema developed not only in the ears but also in the 
legs, on the back of the head and in the face. The swelling at the back of the 
head led to the hairs standing more apart so that the bluish red skin was 
visible through the fur. On account of the intense swelling of the base of the 
ears, they stood out sideways. A similar appearance in photosensitized mice 
after light exposure has been described and illustrated by Hausmann (1911). 
The feet were red or bluish red; oedema was either patchy or evenly spread 
over the feet. Usually oedema was not present in all four feet, which may be 
due to uneven exposure of the different parts of the body surface to the light. 

In the other five rats the oedema was less pronounced except in the ears, but 
the rats appeared to be very ill. They became listless, did not respond to 
external stimuli and did not resist when taken out of the cage. Apart from 
their general weakness, the rats differed from normal rats in their ruffled fur 
and intense cyanosis. The bluish red ears, feet and tail and the bluish tint 
between the hair of the face gave these rats a peculiar appearance. Two of 
them died within 24 hr after exposure to light. 

The photosensitized rats which had been treated with 48/80 were more or 
less resistant to the light exposure. The treatment with 48/80 is seen in Table 3. 
The only effect which was observed in all six rats examined was some 
scratching, particularly of the ears and mainly during the exposure only. Four 
of these rats showed no further signs. In the other two rats the ears were 
affected. In one they became pinkish red but not oedematous, in the other 
_ they became cyanotic and slightly oedematous, but all the other effects seen 

in the normal, photosensitized rats were absent. | 


DISCUSSION 


Our results show that the injection of a histamine liberator diminishes the 
histamine in skin and striated muscle, and that by repeated injections it 
becomes possible to diminish the content in these tissues to a small fraction 
of the normal value; the replenishment of histamine in such more or less 
‘depleted’ tissues occurs very gradually within weeks. Further, it was found 
that the histamine in different tissues is susceptible in a different degree to the 
action of a histamine liberator. 

The symptoms which follow an intraperitoneal injection of 48/80 in rats do 
not fully mimic those observed after intravenous injections of histamine. They 
are, nevertheless, attributed to release of histamine. The difference in sympto- 
matology is easily understood when we take into account (1) that histamine 
is not released uniformly all over the body, and (2) that it is released into the 
tissue spaces, from where it exerts its action at the site of liberation before 
entering the circulation and producing general systemic effects. 
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Compound 48/80 produces in rats visible skin oedema of a characteristic 
distribution in the head region, face and ears, and in the legs. Injections of 
histamine cannot reproduce these symptoms. Nevertheless, they are regarded 
as reactions of the skin capillaries to released histamine at the site of its 
release, because the oedema no longer occurs with 48/80 when the skin has 
been more or less depleted of its histamine. In former times there always 
remained a certain degree of uncertainty whether reactions which were not 
reproducible by histamine could be explained by its release, even if there was 
evidence for such a release and if the reactions could be prevented by anti- 
histamine drugs. The reasoning was that the reactions might be independent 
of the observed histamine release and that the antihistamine drugs might have 
additional unspecific effects. Previous authors, for instance, did not feel 
justified in concluding that the oedema produced in rats with egg-white is 
an effect of released histamine, although it could be prevented by anti- 
histamine drugs (Léger et al. 1947; Léger & Masson, 1947; Halpern & Briot, 
1949, 1950). In the present experiments this uncertainty no longer exists 
because of the additional evidence that oedema is no longer obtainable once 
the skin histamine is greatly reduced. The oedema is thus dependent on the 
presence of available histamine in the tissue. These results have a more general 
application; they suggest that the oedema distribution observed in rats after 
48/80 and associated with signs of itching is as characteristic for the release of 
histamine in these rodents, and probably also in mice, as is the triple response 
in the human skin. This view is supported by our results obtained with egg- 
white injections and with light exposure of photosensitized rats. 

Feldberg & Miles (1953) have found in guinea-pigs also, a characteristic 
distribution of increased permeability of the skin capillaries after 48/80, 
although the distribution was not quite the same as in rats and did not lead 
to pronounced, visible oedema; it was demonstrated by increased diffusion of 
circulating blue dye into the tissue spaces. Further, a relationship was found 
between skin blueing and histamine content. With one exception those regions 
which blued readily contained a higher concentration of histamine than those 
which did not blue readily. It is not known whether a similar relationship 
exists in rats between histamine content of different skin areas and their 
readiness to develop oedema; but it is interesting to note that the skin of the 
paws which was the usual site of visible oedema after 48/80 contained a higher 
histamine content than the skin of the abdomen. 

The finding that visible oedema is trivial or absent after a large dose of 48/80 
which causes a condition of collapse and prostration is easily explained as 
follows. The sudden release of histamine from large areas leads to such 
@ pronounced fall in arterial blood pressure that the capillary blood pressure 
would become too low for efficient exudation, as demonstrated by Miles & 


Miles (1952). The general symptoms of 48/80 poisoning then, — — 
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those produced by intravenous injections of large doses of histamine itself. 
In addition, if the increased permeability affects all the capillaries of the skin 
and striated muscle, the amount of plasma available may become insufficient 
to produce visible oedema all over the body surface. 

Another effect produced by 48/80, also readily explicable by release of 
histamine, is the occurrence of gastric ulcers at the beginning of the treatment. 
Gastric ulcers have been described in rats and other animals in response to 
histamine (McIlroy, 1928; Biichner, Siebert & Molloy, 1929; O’Shaughnessy, 
1931; Strémbeck, 1932; Harde, 1932; Walpole, Varco, Code & Wangensteen, 
1942; Hay, Varco, Code & Wangensteen, 1942), and Halpern & Martin (1946) 
as well as Halpern (1947) have shown that guinea-pigs treated with large 
doses of histamine but protected by antihistamine drugs may die from per- 
forated gastric ulcers, because the protection does not extend to the secretory 
effect of histamine on the parietal cells of the stomach. The absence of ulcers 
at later stages of prolonged treatment with 48/80 may be accounted for by the 
fact that the amounts of histamine released and circulating subsequently in 
the body decrease with each injection of 48/80. 

It is not, however, certain whether the prostration seen after large doses of 
48/80 is due or entirely due to release of histamine, because it is obtainable 
after prolonged treatment with 48/80 when skin and muscle contain only 
relatively small amounts of histamine, provided the dose of 48/80 injected is 
increased sufficiently. This conclusion is supported by observations about the 
lethal effect of intravenous injections of 48/80 in normal and mepyramine- 
treated guinea-pigs (Feldberg & Miles, 1953). 

The refractoriness produced with 48/80, and previously described by Paton & 
Schachter (1951) and Paton (1951), is interesting when viewed with the 
depletion of tissue histamine. A dose of 48/80 which on first injection produced 
pronounced symptoms of histamine release no longer did so when injected 
a second or third time, but the symptoms reappeared when the dose of 48/80 
was sufficiently increased. This finding suggests a susceptibility of varying 
degree of the tissue histamine to 48/80 and probably also to other histamine- 
releasing agents. Our results are compatible with the view that some of the 
histamine in skin and striated muscle is loosely bound to the tissue and thus 
readily available to histamine liberators, but that some of the histamine in 
these tissues can only be released with large doses of 48/80 and that all kinds 
of transition exist between these two extremes. Such a conception enables 
us to explain the refractoriness to 48/80 in terms of depletion of the more 
susceptible histamine. | 

Apart from these differences for the histamine of a given tissue, there are 
great differences in susceptibility of the histamine of different tissues which 
may indicate differences in function for the histamine of the various tissues. 
It has not been possible to reduce the histamine of the gastro-intestinal wall 
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and of the liver of rats by repeated injections of 48/80 which practically 
depleted the skin and striated muscle histamine. For the gastro-intestinal 
wall this histamine resistance to 48/80 has been observed by various authors 
and in different species (for references see Smith, 1953). The greater part 
of this histamine is located in the mucosa and here apparently mainly in 
the gland cells. We do not know if this glandular histamine is absolutely 
resistant to 48/80 and other histamine liberators. Recent findings of Mongar 
& Schild £1952) on guinea-pigs speak against this view. These authors 
succeeded in releasing a fraction of the histamine of the gastro-intestinal 
wall under special conditions. However, it is not certain whether the 
histamine was in fact released from the gland cells or from the other 
histamine-containing structures of the wall. 

The finding that skin and striated muscle restore the histamine released by 
repeated injections of 48/80 only in the course of weeks does not provide 
information about the mechanism of its restoration, whether the histamine is 
restored enzymically in these tissues or brought to them via the blood stream. 
As long as the findings were confined to the skin we had considered the 
possibility that a cell of the skin having released its histamine was unable to 
regain it and that restoration was the result of formation of new cells (Feld- 
berg & Talesnik, 1952). This view is no longer tenable, because restoration also 
occurs in histamine-depleted striated muscles which regain their normal 
histamine store in about the same time as the skin. If the mechanism of 
restoration is enzymic, due to the action of the specific histidine decarboxylase, 
it would mean that this enzymic reaction proceeds slowly, or that the enzyme 
is present in these tissues in a low concentration ; this is in striking contrast to 
the quick synthesis of acetylcholine released during nervous activity. | 

There is the possibility that the slow restoration of histamine released by 
an artificial histamine liberator is not typical of the rate of histamine restora- 
tion under physiological conditions. In that case, we should have to assume, 
however, that both 48/80 and propamidine affect not only the release but also 
the restoration of tissue histamine. On the other hand, if restoration of 
histamine is usually as slow as it is after 48/80 and propamidine, it is signifi- 
cant when considering the physiological functions of histamine. According to 
Lewis (1927), the release of histamine (or H-substance) in the skin is the first 
reaction of this tissue to all kinds of cell injury and irritation. A similar 
function may be attributed to the histamine in skeletal muscle. But in view 
of the slowness of the replenishment of the released histamine, it would appear 
difficult to attribute to it an additional function in normal nervous and non- 
nervous vascular regulations. In that case we should expect a rate of synthesis 
of the same order as that for acetylcholine. In this connexion it is also 
interesting to note that rats which have been more or less depleted of their 

skin and striated muscle histamine do not show any signs of deficiency or 
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abnormal behaviour, except when subjected to conditions of injury. Two such 
conditions were examined in 48/80 treated rats: egg-white injections to which 
rats are hypersensitive, and exposure to light when rats had been rendered 
photosensitive with haematoporphyrin. 

In rats not treated with 48/80, the reactions which occur in both these 
conditions resemble those induced by 48/80, particularly as regards the distri- 
bution of skin oedema. It has frequently been suggested that release of 
histamine is responsible for these reactions, and direct evidence for such a 
release has been obtained after egg-white injections in rats (Schachter & 
Talesnik, 1952) and after exposure to light in photosensitized dogs (Lawrens & 
Kolnitz, 1940). Our findings that the reactions are absent when the histamine 
of the skin has been more or less depleted by prolonged treatment with 48/80 
provide not only additional evidence for the theory that release of histamine 
is involved in these forms of cell injury, but show in addition that these 
reactions, although not reproducible by injected histamine, are accounted for 
by a local action of histamine at the site of its release. 

In photosensitized rats, only the skin was exposed to light and not for a 
long time; under these conditions the released histamine is probably pre- 
dominantly, or even entirely responsible for all the reactions seen in rats not 
treated with 48/80. However, not all phenomena seen after light exposure in 
photosensitized animals are explicable in this way. Particularly if exposure 
is not confined to the skin, or if the exposure of the skin is prolonged, the ‘cell 
injury’ may be characterized by reactions which are independent of histamine 
release. 


SUMMARY 

1. Injections of 500 ng 48/80 into the saphenous artery of dogs produce, 
distal to the site of injection, redness, oedema, contractions of the pilomotors 
and pronounced reduction in the histamine content of the skin. The first three 
effects, which are local responses to the released histamine, are transient; 
but the histamine content of the skin remains low for weeks. 

2. A subcutaneous injection into rats of either 500 wg 48/80 or of 2 mg 
propamidine produces a reduction of about 90°%, of the skin histamine at the 
site of injection. The histamine is only gradually restored in the following 
weeks. 

3. An intraperitoneal injection of 500 yg 48/80 into rats produces signs of 
severe itching, cyanosis and pronounced prostration, often resulting in death; 
when the animals recover, visible oedema develops in the paws, ears, at the 
back of the head and in the face around the mouth and nose. With smaller 
doses of 48/80 (100-200 ug) prostration is less pronounced, but the oedema 
development more severe. 

4. With repeated intraperitoneal injections of 48/80; once or twice daily, 
the intensity of symptoms decreases with each injection, but the symptoms 
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reappear when the dose of 48/80 is increased. However, finally the rats 
became more or less insensitive to larger doses of 48/80 as well. 

__ 5. With repeated intraperitoneal injections of 48/80 into rats in increasing 
doses, the histamine content of skin, skeletal muscle and heart is greatly re- 
duced and practically depleted, but not that of stomach, duodenum and liver. 

6. The restoration of the histamine in skin, skeletal muscle and heart 
proceeds only very gradually in the course of weeks. 

7. Rats which have been more or less depleted of their skin and striated 
muscle histamine do not show any signs of deficiency or abnormal behaviour, 
except when subjected to conditions of ‘cell injury or irritation’. Two such 
conditions were examined: that produced by injections of egg-white, and that 
produced by light exposure in photosensitized rats. 

8. An intraperitoneal injection of egg-white produces in rats symptoms 

similar to those seen after 48/80. There is severe itching and skin oedema of 
a characteristic distribution. In rats in which the histamine of the skin and 
striated muscle has been greatly reduced by prolonged treatment with 48/80, 
egg-white no longer produces these symptoms. 
_ 9. In rats photosensitized with haematoporphyrin, exposure to light 
produces redness and visible oedema in the ears, in the legs, on the back of 
the head and in the face. Some rats die and others show signs of severe 
weakness. Photosensitized rats, in which the skin and striated muscle hista- 
mine has been greatly reduced by prolonged treatment with 48/80, are more or 
less resistant to light exposure. Apart from some signs of itthing, the exposure 
to light produced either no effect or slight oedema only. , 
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EFFECTS OF DIRECT CURRENT ON MOTOR NEURONES 
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From the Physiological Laboratory, University of Cambridge 
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Different biological structures show a typical activity when a direct current 
(d.c.) is applied to them. Direct current stimulation of the central ganglia in 
insects produces rhythmic movements of the wings (Fessard, 1936). Barron & 
Matthews (1936, 1938) found that a continuous response, of a frequency 
depending on the current intensity, was produced in the motor neurones by 
d.c. It is also known that a cathodal current causes a sudden rise of the 
excitability of the tissues to which it is applied (cata-electrotonus) as shown 
by Hill (19364, 6), Rosenberg (1937), Hodgkin (1937) on nerve. Katz (1939) 
was able to show facilitation of the transmission of the nerve-muscle prepara- 
tion, applying a subthreshold cathodal current to the receptive region of the 
muscle fibres. 

Taking into account these facts, the present work was done with the aim of 
studying the response of motor neurones to d.c. in more detail to see how the 
depolarization by d.c. changes the excitability and other properties of the 
neurones when stimulated via sensory nerve endings, and to see whether the 
effects are confined to those neurones traversed by the d.c. 


METHOD 


The experiments were carried out on frogs (Rana temporaria and R. esculenta). The spinal cord 
was exposed under ether and either the VIIth, VIIIth or [Xth ventral root was freed up to its 
point of entry into the cord. The spinal cord was then transected at a high cervical level and the 
immobility of the animal secured by rigid fixation. Once the frog had recovered its excitability 
the chosen ventral root was raised into air or paraffin oil and set up on the electrodes for stimula- 
tion and recording (see Fig. 1). A pair of chlorided silver electrodes were used for leading off and 
another pair (Zn-ZnSO,-Agar—cotton-wool) for stimulation by d.c. Condenser-coupled amplifiers 
and a double-beam cathode-ray oscilloscope were used for recording. The interdigital membrane 
of the foot of the frog (ipsilateral to the ventral root from which the recording was made) was — 
stimulated either mechanically by a bristle driven by motor or electrically by condenser discharges 
at a constant frequency. The reflex activity of the spinal cord remains substantially constant for 
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some hours if irrigated with oxygenated Ringer solution. The d.c. was delivered by @ circuit 


Fig. 1. 


Fig. 1. Fig. 2. 


Fig. 1. Diagram to show placing of the electrodes for recording and stimulation of central 
structures by steady current flow. A: point at which the nerve has been subdivided to cut 
off all active fibres but one. Placing of the electrodes for the experiments on skin receptors 
was similar (cathode of the stimulating electrodes being towards the receptors). 


Fig. 2. a, action potentials recorded from a ventral root in response to mechanical stimulation of 
the skin of the ipsilateral foot of the frog; b, recording from the same root after partial section 
close to the spinal cord; c, record after subdivision until a single fibre record was obtained. 
Time marker: 60 msec. | 


RESULTS 
I. Response of motor neurones to direct current 
Concerning the response of the motor neurones to d.c., the present results 
confirmed the findings of Barron & Matthews (1938) that the motor neurones 
response is proportional to the intensity of the current employed. The ventral 
root was subdivided to cut all fibres but one. This is controlled by observing 
the simplification of the response which occurs as dissection proceeds to the 
point where reflex stimulation via the skin gives a single rhythmic response 
(Fig. 2) and stimulation by d.c. gives also a simple rhythmic response. The 


neurones examined showed a decline in frequency of response to d.c. with 
time. This is shown in Fig. 50. 


similar to the one used by Barron & Matthe 935). in addition, 6xperiments Were Carried Ou 

with the dorsal skin-nerve preparation, to see if similar responses could be evoked from a peripheral 

receptor, the stimulation of s single end organ being effected mechanically with a fine bristle, 

; attached to a lever with very small excursion. After fixing the skin on « rigid platform the nerve 

and skin were kept in a small moist chamber at room temperature (15-20° C). The placing of the 

electrodes on the sensory nerve was the same as that used on the motor roots witich is shown in 
4 
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Il. Localization in the spinal cord of direct current effects 
In order to find out how the current was spreading and the pathways taken 
by the d.c. applied to the motor roots, the following procedures were per- 
formed : (a) Simultaneous recording of the neighbouring ventral roots and the 
root where the d.c. is applied. Only in the latter was it possible to get 
propagated responses. (b) When a ventral root is subdivided into several 


. Fig. 3. Ventral root recording of action potentials from motor neurones provoked by direct 
current. Recording of two filaments of the same root. Direct current is applied on one of the 
filaments (lower records). a, 1A cathodal current; b,24A;c,3A. Although the frequency 
of the motor neurones discharge goes up when the intensity of the current is increased no 
propagated activity is seen in the other filament. d, mechanical stimulation of the skin of 
the ipsilateral foot. The response of motor neurones appears in both filaments showing that 
neurones and nerve fibres are in good physiological condition. Time marker: 60 msec. The 
stimulus artifact displaces the record. Deflexion in centre of (a) is also an artifact caused 


by dropping of Ringer. 


filaments, and records are made from two of them at the same time, the action 
potentials are present only in the filament on which the stimulating electrodes 
are placed. If the intensity of the depolarizing current is increased, the 
frequency of the response goes up without showing propagated responses in 
the other filaments of the same root; that these are in good physiological 
condition, is shown by the fact that stimulation of the skin produces responses 
in many motor neurones and these are recorded in both filaments (Fig. 3). 
(c) If the distance of the stimulating electrodes from the spinal cord is varied, 
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keeping the intensity of the current constant, the frequency of discharge of 
the motor neurones is greater when the distance of the cathode from the spinal 
cord is shorter. 
Ill. Direct current on peripheral receptors 

In view of the many parallel properties of motor‘neurones and sensory nerve 
endings, the response of cutaneous nerve endings in the frog to the stimulation 
used above was tested. A cutaneous nerve was set up on two pairs of electrodes 
as in Fig. 1, on stimulation with d.c. a discharge of impulses is seen (Fig. 4) 


Fig. 4. a, response of a single end organ of the skin of the frog to direct current (cathodal, 2 1A). 
The intensity of the direct current was decreased until only a single unit discharged ; b, anodal 
current of the same intensity applied to the preparation evokes no response. Time marker: 


60 msec. 
50r 
A 8 
20 
20+ 10+ 
Sr 
360 720 1080 1440 2 s 6 8 
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Fig. 5. A: adaptation curve of a skin receptor to a cathodal direct current (2A). Ordinate: 
frequency of discharge (n/180 msec). Abscissa: Time in msec. B: adaptation curves of a single 
motor neurone to different intensities of direct current. @, 2¢A; x, 4A; O, SpA. 
Ordinate: frequency of discharge (n/1 sec). Abscissa: Time in seconds. 


and the frequency of such discharge increases with the intensity of the current 
used. Ifa single cutaneous receptor preparation is used and d.c. applied to its 
nerve, the frequency of discharge plotted against time (Fig. 5a) gives a curve 
resembling that of motor neurones but with a change of the time scale, the 
skin receptor adapting 7-8 times more rapidly than the motor neurone. 
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When a single end-organ preparation was stimulated mechanically (bristle) 
at a constant frequency before, during and after the application of a sub- 
threshold d.c. to the fibres coming from the cutaneous receptors, the response 
increased immediately when the current was switched on and fell to its 
previous value as soon as the current was switched off (Fig. 6). 

As the d.c. interacts with the mechanical stimulation we must presume 
a common locus of action and suppose therefore that the d.c. takes effect on 
the nerve ending rather than provoking this discharge from the unspecialized 
parts of the nerve fibre. 


Fig. 6. Single end-organ response to mechanical stimulation. A fine bristle was applied at a 
constant frequency to the same spot on the skin of the frog. a, before; b, during; c, after 
application of direct current (cathodal, 24A), which alone provoked no response. Time 
marker: 60 msec. 


IV. Interaction of the effects of sensory stimulation and of direct current 

Adrian (1931), Eccles (1936) and others have demonstrated a relationship 
between the slow potential changes in ganglionic systems and propagated 
activity. A like relationship has been found in sense organs (Hartline & 
Graham, 1932; Bernhard, 1942; Katz, 1950) where a change which spreads 
up the fibres by electrotonic propagation precedes impulses discharge. Barron 
& Matthews (1938) have interpreted the slow potentials recorded in the spinal 
roots to indicate a depolarization of the motor neurones and find that these 
do not discharge before that depolarization reaches a certain value, and also 
that the rate of rhythmic response is related to the magnitude of the 
depolarization; this has been confirmed by Bremer (1941), and also by intra- 
cellular recording by Brock, Coombs & Eccles (1952), and Alanis & Matthews 
(1952). 
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It is possible to test whether interaction occurs between the normal 
depolarization produced by sensory impulses and that resulting from applying 
d.c. to the axons of the motor neurones, The latter may be expected to spread 
by electrotonus to the neurones in the same way that their own depolarization 
appears to spread to the ventral roots. 

The interaction of sensory stimulation and the effects of d.c. are seen in 
Fig. 7. The skin of the foot was stimulated repeatedly at a constant frequency 
while recording the resulting response of the motor neurones appearing in the 
ventral root. When the sensory stimuli no longer evoked action potentials in 


Fig. 7. a; action potentials recorded from a motor root evoked by a mechanical stimulus applied 
at a frequency of 1/sec to the skin of the foot of the frog. The responses produced decrease 
progressively in frequency and amplitude and finally no response is seen. 5; cathodal current 
(1 A) is applied to the same motor root and the reflex response reappears. A direct current 


of the same intensity used alone did not produce any response of the motor neurones. Time 
marker: 60 msec. 


the motor neurones (Fig. 7a), the application of subthreshold d.c. which had 
been previously set below the level at which it evoked a response, made the 
reflex response reappear (Fig. 76) after a variable latency. A 
Facilitation to the peripheral stimuli takes place both when the d.c. applied 
18 subthreshold or threshold for provoking responses by itself, but the time for 
its appearance changes and the latency is longer the lower the intensity of the 
d.c. The latency is also shortened when the d.c. is applied a second time within 
3-8 sec of a previous application. On a few occasions it was possible to observe. 
the summation of peripheral stimuli subthreshold for reflex response with 7 \ 
subthreshold d.c., the two resulting in a discharge of impulses by the motor 
neurones. Often the facilitation disappears while the current is on, but some- 
times it is possible to see facilitation lasting 1 to 2 sec after the cathodal 
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current is off. The discharges recorded during the facilitation have the same 
temporal course as the ones recorded without the d.c. 

An anodal current of the same intensity produced no facilitation, and a few 
cases appeared to reduce the reflex response, but it has not been possible to 
control whether this was due to anodal block of conduction. 

When the root is subdivided as described in § II, the facilitation is only 
other filaments of the same root. 


DISCUSSION 


The experiments described lead to the conclusion that the effect of the direct 
current is exerted on the central parts of the motor neurones and not on the 
nerve fibres, which can under some conditions give repeated impulses to 
a d.c. stimulus (Skoglund, 1942), for the following reasons: (1) The d.c. does 
not provoke any response of the motor neurones of the neighbouring roots nor 
in the other filaments of the same root, with the intensity of the d.c. used. 
(2) For a given current the frequency of the action potentials coming from the 
motor neurones is in inverse relation with the distance of the cathode of the 
stimulating electrades from the spinal cord. (3) The facilitation to sensory 
stimulation is observed only in the motor neurones corresponding to the root 
where the d.c. is applied. (4) When the ventral root is progressively severed 
central to the stimulating electrodes the total discharge of action potentials 
recorded diminishes in proportion to the extent of the cut. (5) When the root 
has been separated completely by cutting all the fibres the propagated 
impulses cannot be evoked by the values of d.c. used, which can therefore 
only provoke the discharge seen when the central structures are in continuity 
with the fibres. 

It must be concluded that an appreciable fraction of the current entering 
the axons travels in them up the root and leaves by the cell bodies and 
dendrites. The central spread of current is then by electrotonus and this clearly 
agrees with (2) for electrotonic potentials fall off exponentially, and so for 
a constant intensity of d.c. we should expect the effect to be reduced 
as the cathode is moved away from the spinal cord as is found to be 
the case. 

The fact that repeated peripheral stimuli become ineffective for evoking 
response of the motor neurones but that the response reappears as result of 
a further depolarization of the motor neurones when the direct current is 
applied to them, raised the question of what factors are responsible for the 
failure of the response. It is clear that adaptation of the peripheral receptors 
to repeated stimuli does not occur in a way that can account for this (Cattell & 
Hoagland, 1931). The irresponsiveness of the motor neurones might be due to 
a failure of impulses to reach them or to their own depressed excitability. The 
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time relations make it impossible for the normal excitability cycle following 
the absolute refractory periods to be the cause of this (Erlanger & Gasser, 
1937). 

The results given above show that the motor neurones adapt to a constant 
current 7-8 times more slowly than nerve endings in the skin and if we are 
right in regarding this depolarization as acting in the same way as the 
depolarization seen before their reflex discharge, their irresponsiveness might 
be due to adaptation of the motor neurones to the prolonged depolarization 
produced by sensory impulses. The application of d.c. leads to an immediate 
short-lasting increase in the responsiveness of the motor neurones and also to 
a later slowly developing rise in the discharge which they give. There thus 
appear to be two facilitatory processes, the first acting immediately and being 
a subthreshold manifestation of the process giving discharge to large values of 
d.c. acting alone. This can perh&ps be attributed to the cathodal polarization 
of the neurone membrane and leads to facilitation as described above and by 
Renshaw (1940) and Bremer (1941). 

The second has a quite different rate of development and decline; it could 
either be attributed to the effect of the current on other parts of the neurone, 
e.g. dendrites, or perhaps it is more probable that it is due to the current taking 
effect on interneurones, but if this is so its effect must be restricted to the 
interneurones synapsing with the motor cells through which the current is 
passed, for the facilitation of the discharge is only seen in these. 

_ Facilitating effects of previous activity lasting many seconds have been 
described in the spinal cord by Sherrington & Sowton (1915), Ranson & 
Hinsey (1930) and many others. One hypothesis suggested to account for the 
persistence of facilitation is that continuing activity might occur in chains of 
neurones, ‘reverberating circuits’ (Ranson & Hinsey, 1930) or ‘internuncial 
neurones’ (Lorente de Né, 1938) set into action by a stimulus. But the present 
results appear to be much more in accord with the earlier concept of ‘central 
excitatory state’ acting on responsive structures. Central excitatory state 
may be regarded as comprising the physico-chemical changes resulting from 
the arrival of sensory impulses which lead to the observed depolarization of 
the motor neurones. The close relationship described above between the 
latency for full facilitation to appear, and the intensity of the depolarizing 
current, and also the observation that this latency is shortened when a second 
depolarization is applied a few seconds after the first one, suggest that, during 
this time, the excitatory state is becoming threshold for the new condition of 
the neurones. The slow building up of that excitatory state is regarded as the 
cause of gradual increase of the frequency and number of motor neurones 
discharging. Barron & Matthews (1938) suggested that we may regard 
*... the secondary neurone as a sense organ responding to the level and rate of 
change of the central excitatory state in its immediate vicinity rather than as 
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# structure simply conducting on the impulses arriving by the primary 
Saionad” and the present observations appear capable of simple interpreta- 
tion in these terms. 

SUMMARY 

1, Direct current (d.c.) applied to a ventral root of the spinal frog spreads 
by electrotonus and affects only the neurones that supply that root. 

2, Adaptation curves of the responses of a single motor neurone and a single 
end-organ (skin receptor) to the same d.c. stimulus are compared and found 
to be similar apart from their time scales, the motor neurone adapting 
7-8 times more slowly than the skin receptor. 

3. When d.c. is applied to a cutaneous nerve, the response of the skin 
receptors is proportional to the intensity of the current. 

4, A subthreshold d.c. applied to a single end-organ through its nerve fibre 
causes facilitation of the skin receptor response to a mechanical stimulus, 
shown by increasing the frequency of its discharge. The facilitation appears 
without any appreciable delay and falls as soon as the current is switched off. 

5. Threshold and subthreshold d.c. applied to a ventral root facilitate the 
response of the motor neurones when stimulated via sensory organs (skin 
receptors). The facilitation of the sensory impulses take place after a variable 
latency and the duration of this latency is in inverse relation to the intensity 
of the depolarizing current and it is shortened by a second depolarization 
applied a few seconds after the first one is off. 

It is a pleasure to record my indebtedness to Prof. Sir Bryan Matthews for his interest and most 


helpful criticism and suggestions for this paper, and for the facilities to work in his laboratory. 
This work was aided by a grant for apparatus from the Medical Research Council. 
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Several workers have suggested that a proportion of the motor fibres in the 
mammalian vagus nerve have their parent cells in the nodose ganglion. All 
the evidence is based on experiments in which the vagus nerve was divided 
intracranially or extracranially above the nodose ganglion and time allowed 
for nerve fibres separated from their cell bodies to degenerate. In the dog, 
Morgan & Goland (1932) found that stimulation of the caudal end of the cut 
cervical vagosympathetic nerve after such operative procedures produced 
variable effects on the heart rate and blood pressure. It is probable that the 
effects they obtained were complicated by stimulation of descending fibres 
in the cervical sympathetic trunk (Foley, 1945; Butson, 1950; I. de B. Daly & 
Hebb, 1952). In the cat, Heinbecker & O’Leary (1933a, 6) were unable to 
demonstrate any cardiac effects of stimulation of the cervical vagus, the 
fibres of which had been allowed to degenerate for 10-20 days after supra- 
nodose (extracranial) or intracranial vagotomy. They found, however, that 
stimulation caused bronchoconstriction and either excitation or inhibition of 
peristalsis in the duodenum. The absence of any cardiac effects after supra- 
nodose vagotomy was confirmed by McSwiney & Spurrell (1933) and 
Richardson & Hinsey (1933). 

On the basis of action-potential studies, Heinbecker & O’Leary (1933a, 6) 
concluded that there were no synapses in the nodose ganglion and they 
postulated the presence, within the ganglion, of motor nerve cells with both 
centrally and peripherally directed processes. 

In view of the variability of the results of stimulating the vagus nerve after 
degenerative section above the level of the nodose ganglion, we have repeated 
these experiments. The cat has been chosen for this work because the cervical 
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sympathetic system contributes few or no fibres to the cervical vagus nerve 
of the cat (Jones, 1932; Heinbecker & O’Leary, 19336; Ranson, Foley & 
Alpert, 1933) the effects of stimulation of the latter nerve will not be compli- 
cated by concomitant stimulation of sympathetic fibres. Such is not the case 
in the dog, where intermingling of fibres between the cervical vagus and 
sympathetic nerves takes place (Braeucker, 1926; I. de B. Daly & Hebb, 
1952). 


An histological study of the effects of these operative procedures on the 
made. 


METHODS 


Cats, varying in weight from 1-6 to 4-3 kg, were anaesthetized with either a mixture of chloralose 
(0-05 g) and urethane (0-5 g/kg body weight, intraperitoneally), or pentobarbitone sodium 
(nembutal) (45 mg/kg body weight, intraperitoneally). 

A cannula was inserted in the trachea, and artificial respiration carried out by means of 
a Starling ‘Ideal’ pump. The chest was opened by splitting the sternum in the mid-line. The 
internal mammary arteries were ligated, and both phrenic nerves were cut. The left and right 
cervical vagosympathetic nerves were then exposed and separated into their two components, 
the vagus and sympathetic nerves. The cervical vagus and usually the cervical sympathetic 
nerves were cut between ligatures at the level of the cricoid cartilage. Blood pressure was recorded 
from a femoral artery by means of a mercury manometer. Heart rate was measured by the method 
_ described by Daly & Schweitzer (1950) using drop timer (Gaddum & Kwiatkowski, 1938). With 
this method it is possible to detect changes in rate of five beats per minute over the range found 
in these experiments. | 

Small shielded platinum wire electrodes were used for stimulation of the vagus nerves. A square 
wave electronic stimulator which allowed independent control of the voltage, frequency and the 
pulse duration of the stimulus was used. 

Bronchomotor responses were measured in some experiments by the method of Konzett & 
Réssler (1940). The constant positive inflationary pressure varied from 5 to 8 cm water in different 
experiments; the ventilation overflow volume was recorded by means of a piston recorder. In 
other experiments, the method of recording the tidal air under negative pressure ventilation was 
used (for details see Daly & Mount, 1951). Occasionally, both methods were used in the same 
experiment for comparison. 


Nerve sections 


Three series of experiments involving degenerative section of vagus nerves were carried out 
under pentobarbitone sodium (45 mg/kg body weight, intraperitoneally) with full aseptic pre- 
cautions: (1) Cervical vagotomy in which 1 cm of the cervical vagus nerve was removed either 
immediately below the nodose ganglion or at the level of the cricoid cartilage. (2) Supranodose 
vagotomy. The cervical vagus nerve was cut between the skull and the nodose ganglion. In a few 
experiments, it was found impossible to separate the postganglionic sympathetic trunk from the 
vagus nerve, and in these, therefore, both nerves were cut. (3) Intracranial vagotomy. The vagal 
rootlets were sectioned as they left the medulla. 


All nerve sections were carried out side , and 
wets on one side only the acute experiments were performed 
Operation for intracranial vagotomy 
Section of the vagal rootlets presented technical difficulties through the inaccessibility of these 
nerves. ‘I'wo surgical approaches were used, one through the foramen magnum by a method similar 
to that described by Brouha & Nowak (1939) for the dog, the other through the postero-lateral 
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part of the parietal bone and cerebellar fossa. The first method was found unsatisfactory for 
a number of reasons. Oozing from the bone was sometimes troublesome when nibbling away the 
dorsal part of the supracccipital bone. The view of the vagal rootlets obtained was very poor even 
when the brain was shrunk by intravenous injections of a solution of hypertonic sucrose and when 
gentle retraction was put on the medulla to the opposite side. Often, the most rostral rootlets 
could not be seen at all. Section of the rootlets was usually made with a small instrument on the 
end of which was a curved cutting edge, and damage to nearby vessels occasionally led to un- 
controllable bleeding. The second approach was therefore developed with a view to cutting all the 
rootlets under direct vision. 

The head of the cat was held in a Czermak head-holder in a semi-flexed position slightly above 
the level of its body. No pads were put under its neck as this increased oozing through venous 
compression. A dorsal mid-line incision was made extending from the level of the lateral processes 
of the frontal bone caudally for a distance of 7 cm. The group of muscles taking origin from the 
sagittal and lamdoid sutures and from the eminence of the parietal bone was reflected laterally 
on one side. A burr-hole was made with a dental drill in the postero-inferior part of the parietal 
bone about 5 mm medial to the squamous suture and 5 mm rostral to the lamdoid suture. This 
hole was enlarged to a convenient size, its inferior border being carried to within 2 mm of the 

suture, which is a useful surface marking for the transverse venous sinus. The exposed 
dura mater was removed. The cerebellum was then gently retracted medially and the cerebro- 
spinal fluid sucked out. All the vagal rootlets and the spinal accessory nerve could be seen at the 
lower border of the petrous temporal bone. The vagal rootlets and bulbar portion of the accessory 
nerve were sectioned by means of an electrocautery. The muscles were then sutured and the skin 
closed. No special post-operative treatment was given. ' 

Complete section of the vagal rootlets was tested during the later acute experiment by observing 
any reflex response to stimulation of the cephalic end of the cut cervical vagus on the operated 
side; the contralateral one being intact. A post-mortem examination for any intact rootlets was 
also made. 


Histological methods 


After completing the physiological investigations outlined above, portions of the vagus nerves 
and their branches on the operated and control sides were removed for subsequent histological 
examination. The nerves were placed on cardboard frames in a lightly stretched condition and 


_ immersed in a fixative. Studies on myelinated fibres were made in nerves fixed for 24 hr in 


Flemming’s fluid (1% chromic acid, 15 ml.; 2% osmic acid, 4 ml.; glacial acetic acid, 1 drop). 
The nerves were sectioned transversely (5. thickness) after paraffin embedding and stained by 
a modified Weigert technique (Gutmann & Sanders, 1943). The sections were photographed at 
magnifications of x'750 directly on bromide paper and the outside diameter of the myelinated 
nerve fibres measured and classified into 2 groups. Measurements were made by means of 
a Perspex sheet on which were imprinted circles in a sequence of increasing diameters (1-5, 3, 
4-5 mm, ete.). As each fibre was measured it was pricked with a needle connected to an electric 
counter. For study of non-myelinated fibres either the Bodian or the Ranson pyridine-silver 
method was used. In the Ranson method the nerves were threaded through cat spinal cord before 
fixation to protect them from over-impregnation with the silver nitrate (Ranson & Davenport, 
1931). The spinal cord, with its contained nerve, was sectioned transversely at 3 thickness. In 
this investigation observations on the non-myelinated fibre content of the operated and control 
nerves were purely qualitative as no counts of fibre number in Bodian and Ranson preparations 
were made, 

The composition of control and operated vagus nerves in the upper part of the thorax and of 
the bronchial and thoracic cardiac branches was investigated. Sections of the vagus trunk were 
usually taken at a level mid-way between the arch of the aorta and the hilum of the lung. 
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RESULTS 
Effects of stimulation of the cervical vagus nerve 

Control tests. In a previous series of experiments on the cat, observations 
were made on the effects of vagus nerve stimulation on the blood pressure, 
heart rate and bronchioles (Daly & Mount, 1949, unpublished observations). 
Bronchomotor responses were measured by recording the tidal air volume 
under negative pressure ventilation. It was found that in all sixteen experi- 
ments stimulation of the caudal end of the cervical vagus nerve on both sides 
caused a fall in blood pressure, slowing of the heart rate and bronchoconstric- 
tion. The magnitude of the effects on the two sides was not always equal nor did 
the results show that stimulation of either the right or the left nerve was 
consistently more effective in producing these responses. In most experi- 
ments of the present series, therefore, eserine was injected to potentiate the 
effects of vagus stimulation. The absence of effects observed on the operated 
side is then unlikely to be due to any cause other than degeneration of motor 
fibres in the nerve when a pronounced response is obtained to vagus stimulation 
on the control side. | 


TaBLE 1, The effect upon the bronchioles, blood pressure (B.P.) and heart rate (H.R.) of stimulating 
the caudal end of the cut cervical the nerve ha caeaumeemiies a 


section was made. + = to ulus; 0=no response; - <not Details 
of this ave given ta the tex 
On normal side On operated side 
Cervical vagotomy 3 (R) . + + 0° 0 0 
: 1 (R) - + + - 0 0 
Cervical vagosympathectomy 1 (L) + + + 0 0 0 
3 (R) - 0 
Supranodose vagotomy 1 (L) + + + 0 0 0 
1 (R) + + + 0 0 0 
Supranodose vago- 3 (L) + + + 0 0 0 
1, eee 1 (R) + + + 0. 0 0 
tracranial vagotomy 5 (L) + 0 
*Intracranial vagotomy 1 (R) + + + + 0 0 


Cervical vagotomy. In eight experiments, 1 cm of the cervical vagus nerve 
immediately below the nodose ganglion was removed at a previous operation. 
In four of these, an adjacent length of the sympathetic nerve was also excised. 
Stimulation of the caudal end of the cut cervical vagus nerve on the normal 
side caused a fall in blood pressure and slowing of the heart rate in all these 
experiments. In four of them, in which the tidal air volume was simultaneously 
recorded, bronchoconstriction occurred. In none of these experiments was 
there any effect on blood pressure, heart rate or tidal air on stimulation of the 


14-30 days before ._L (left) and R (right) denote the side on which the 
| 
| 
| * One vagal rootlet not sectioned. 
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vagus nerve on the operated side. The results were the same whether the opera- 
tion was carried out on the left or the right side and are summarized in Table 1. 

Supranodose (extracranial) vagotomy. The work of McSwiney & Spurrell 
(1933), Richardson & Hinsey (1933) and Heinbecker & O’Leary (1933a, b) 
shows that, in cats, the inhibitory effect of the vagus nerve on the heart 
cannot be elicited after chronic supranodose vagotomy. Heinbecker & 
O’Leary found, however, that the motor fibres to the bronchioles and 
duodenum were unaffected by this operation. In so far as the effects on the 
bronchioles are concerned, we have been unable to confirm their findings. 

In six experiments in which the vagus and sometimes the sympathetic 
nerves were chronically sectioned above the nodose ganglion, no effect was 
observed on either the tidal air or ventilation overflow volume when the 
cervical vagus was stimulated on the operated side (Text-fig.1b, d and Table 1). 
We have confirmed the finding of Heinbecker & O’Leary that there is no 
change in either blood pressure or heart rate. On the normal side, vagus 
stimulation caused a fall in blood pressure, slowing of the heart rate and 
bronchoconstriction (Text-fig. la, c). Similar effects occurred whether the 
nerves were cut on the left or the right side. In most experigents, eserine 
was injected to potentiate the effects of vagus nerve stimulation. Further, 
the electrical stimulus was varied by altering the voltage (1-8 V), frequency 
(50-100 c/s) and pulse duration (0-05-10 msec) both together and independently 
of each other. None of these procedures altered the result on the operated side. 

Intracranial vagotomy. In six experiments in which the vagal rootlets were 
sectioned intradurally 14-24 days previously, stimulation of the caudal end 
of the ipsilateral cervical vagus nerve had no effect on either the blood 
pressure, heart rate or bronchioles in five of them (Text-fig. 26, d and Table 1): 
Stimulation of the contralateral vagus produced the usual effects (Text- 
fig. 2a, c). In each animal, post-mortem examination showed all the rootlets 
to have been sectioned. The sixth experiment is of interest because stimulation 
of the vagus on the operated side had no effect on blood pressure and heart 
rate, but caused bronchoconstriction, the tidal air being reduced by 6%. 
However, a post-mortem examination of the operation site revealed that the 
most rostral rootlet was still intact. We believe, therefore, that the response 
obtained was due to undegenerated bronchomotor fibres in the cervical vagus 
arising from the dorsal nucleus of the vagus. This experiment was the only 
one of the series in which the vagal rootlets were sectioned by cutting with 
a small curved knife; in the other five experiments, an electrocautery was 
used, 

In the five experiments in which all the vagal rootlets had been sectioned 
we tested the negative response to cervical vagus nerve stimulation after an 
injection of eserine and with electrical stimuli of different otsmens and 
pulse durations. On no occasion was any effect elicited. 
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These results indicate that after chronic section of the vagus nerve above 
the level of the nodose ganglion, all motor fibres to the heart and bronchial 
musculature degenerate. Their cells of origin must, therefore, lie within the 
central nervous system. 


Text-fig. 1. Cat 13,3, 23kg. Chloralose-urethane. Right supranodose vagotomy 21 days 
previously. Negative pressure ventilation. Both cervical vagus nerves cut. At a and c, 
stimulation of the caudal end of the left cervical vagus, 3 V, 50 o/s, 0-5 msec. The same 
stimulus was applied to the caudal end of the right cervical vagus at 6 and d. Between 
b and c eserine (0-1 mg) was injected intravenously. In this and in Text-fig. 2: T.a. =tidal 
air (inspiration downwards); v.0.v.=ventilation overflow volume; £.P.P.-extrapulmonary 
pressure; B.P.= blood pressure; H.R. = heart rate. 


Histologwal changes in the thoracic vagus trunk 
and its cardiac and bronchial branches 
Upper thoracic vagus 
Normal vagus. The vagus immediately below the origin of the recurrent 
laryngeal nerve is in the form of a single bundle. PI. 1, fig. 1, and Pl. 2, fig. 7, 
show Weigert preparations of a section of the normal vagus trunk taken at 
a level mid-way between the aortic arch and the hilum of the lung. Medullated 
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b 


Text-fig. 2. Cat 16, g, 2:1 kg. Pentobarbitone. Left intracranial vagotomy 20 days previously. 
Eserine 0-2 mg. Both cervical vagus nerves cut. A: constant positive inflationary pressure. 
Respiratory pump stroke, 50 ml. At a and 5, stimulation of the caudal end of the right and 
left cervical vagus nerves respectively, 1-5 V, 50 c/s, 1 msec. B: negative pressure ventilation. 
At ¢ and d, stimulation of the caudal end of the right and left cervical vagus nerves respec- 
tively, 2 V, 50 o/s, 1 msec. 


Tasiz 2. Size-frequency distribution of myelinated fibres in the thoracic nerves taken at 


a a No. of fibres in diameter groups of 2y 
specimen 0-2 2-4 46 6-8 8-10 10-12 1214 
(a) Normal 
6e 136 2256 645 B42 105 10 l 
136 168 1028 781 347 101 14 0 
l7a 53 924 808 387 162 23 7 
21d 43 821 534 297 188 4 
(6) Intracranial vagotomy 
l4e 43 525 610 383 248 44 2 
176 38 245 631 290 158 2 
16d 42 368 613 361 143 18 3 
(c) Supranodose vagotomy 
6d 27 154 606 399 151 47 3 
9b 19 319 390 322 197 43 10 
13¢ 28 805 796 315 87 9 l 
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fibres are present throughout the section, but are somewhat unevenly distri- 
buted, being separated by unstained areas. A section of the vagus trunk at 
the same level stained with the Ranson technique (PI. 2, fig. 5) shows that 
these areas are closely packed with non-myelinated fibres which clearly far 
outnumber the myelinated group. As the nerve descends towards the hilum 
of the lung there is a progressive decrease in the number of myelinated fibres 
as these are distributed in its cardiac, tracheal, bronchial and oesophageal 


branches. | 
(b) Intracranial (c) Supranodose 
(a) Normal vagotomy vagotomy 
1000 1000 
800: 800 800 
: 3 
c 
200 200 
03468101214 2468101214 ° 246 8101214 


Diameter (x) Diameter Diameter (1) 


Text-fig. 3. Histograms showing the number of myelinated fibres of different sizes in normal and 
operated thoracic vagus trunks at a level midway between the aortic arch and the hilum 
of the lung. " 


Table 2a shows the size-frequency distribution of medullated fibres in four 
normal vagi taken at comparable levels in the upper part of the thorax. The 
fibres range from 1 to 14y in diameter, and considerable variation exists 
both in the total number of fibres and in the proportion within each diameter 
group. In all four specimens the distribution of fibre diameter is skew with 
a single mode at 2-4 (Text-fig. 3a). 

Cervical vagotomy. The operation of dividing the cervical vagus caudal to 
the nodose ganglion was performed in eight cats, and histological data on the 
resulting nerve fibre degeneration were available in four of them. In three of — 
these the cervical sympathetic trunk was left intact, whilst in the fourth 
(cat 3) it was cut. Pl. 1, fig. 4, shows a Weigert preparation of the upper 
thoracic vagus trunk removed 21 days after mid-cervical vagotomy and 
sympathectomy (cat 3). It will be noted that practically all the myelinated 
fibres are degenerate; in this instance only twenty-six fibres remained. Most 
of the myelin of the degenerated fibres has already been absorbed, but here 
and there droplets of myelin remain, especially in the larger fibres. Pyridine- 
silver and Bodian preparations of nerves similarly treated show only oc- 
casional non-myelinated fibres. In the present study no attempt has been 
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made to investigate the origin of the few fibres remaining in the upper thoracic 
vagus trunk following cervical vagotomy. 

Intracramal vagotomy. Section of the nerve intracranially, allowing a post- 


_ operative period of 14-24 days, produces changes in both the myelinated and 


non-myelinated fibre content of the vagus trunk in the thorax. Comparison 
of Weigert preparations of control (Pl. 1, fig. 1) and operated (Pl. 1, fig. 2) 
nerves at comparable levels in the thorax shows that the myelinated fibres 
have become reduced in number. Table 26 shows the size-frequency distribu- 
tion of myelinated fibres in three treated nerves and provides quantitative 
support for this observation. The most striking change produced by the 
intracranial vagotomy is the considerable reduction in the number of fibres 
in the 2-4 group. In each of the four normal nerves (Table 2a) this group 
contains the largest number of fibres, forming, respectively, 64-5, 42-1, 39-1 
and 42-9% of the total. In contrast, the corresponding values in the three 
treated nerves are, respectively, 28-3, 23-8 and 17-8%. This reduction in the 
numbers of fibres in the 2-4, group is found to be statistically significant 
(P<0-01). This is the case whether the comparisons of the normal and 
operated nerves are made between: (1) the proportion of the 2-4 group 
to the total number of fibres, or (2) the mean numbers of fibres of 2-4 
diameter in the two series. Moreover, there is a statistically significant 
reduction in the 2-4 group when the normal nerve showing the smallest 
proportion of fibres in this group is compared with the nerve showing the 
largest proportion in the operated series. Some 60% of the fibres in the 
2-4 group have degenerated and may presumably be considered to be 
efferent. This figure, however, is not precise, and from the limited number 
of animals used in this series the number of fibres of this diameter which 
degenerate may vary from 45 to 75% of the total in the 2-4 group. The 
range of these figures emphasizes the great variability in the composition of 
the vagus nerve in different cats. 
From Table 2a and b it will be seen that the number of fibres in each of the 
groups larger than 4, in diameter does not differ in thoracic vagi taken from 
the normal and operated sides, and statistical analysis confirms this. It may 
be concluded, therefore, that all, or nearly all, the fibres in the 4-14 diameter 
range have their cell bodies in the nodose or jugular ganglion and are pre- 
sumably sensory in function. Comparison of the spectrum of fibre size in an 
operated nerve (Text-fig. 36) with that of a normal nerve at the same level 
shows that the unimodal distribution is retained after intracranial vagotomy, 
but the skewness of the curve is less marked, the node being at 4-6. 
Ranson-stained sections of the thoracic vagus trunk after intracranial 
vagotomy show that some of the non-myelinated fibres have degenerated. 
Parts of the nerve section, however, show a fibre density approximately equal 
to normal (Pl. 2, cf. figs. 5 and 8), whereas in other parts degeneration of 
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a considerable proportion of the non-myelinated fibres has occurred (PI. 2, 
fig. 6). The lack of uniformity in different animals of the effects of intra- 
cranial vagotomy upon the myelinated fibre content of the operated nerves 
was also encountered in sections stained by the Bodian and Ranson methods. 
The extent of the areas showing apparently normal fibre density and those 
showing degeneration of some non-myelinated fibres varied considerably in 
different animals. In view of these variations no quantitative investigations 
have been made on the non-myelinated fibre content of the control and 
operated nerves. 

Swpranodose vagotomy. A study of Table 2c and PI. 1, fig. 3, reveals that the 
changes produced in the myelinated fibre content of the upper thoracic vagus 
trunk after supranodose (extracranial) vagotomy are similar to those caused 
by intracranial vagotomy. Some of the myelinated group degenerate, as indi- 
cated by a reduction in total fibre number to a mean of 1576 as compared with 
2553 in the normal series (Table 2a). Here again, statistical analysis shows 
that the reduction in the mean proportion of fibres in the 2-4 group is 
significant when compared with the corresponding proportion in normal 
animals but does not differ from the proportion found in the series vago- 
tomized intracranially. Moreover, comparison between the mean number of 
fibres in the remaining diameter groups in the normal, intracranial and supra- 
nodose (extracranial) series shows no significant differences. We conclude, 
therefore, that either of these operations leads to a reduction in the number of 
fibres in the 2-41 group with no significant changes in the remaining groups. 
A histogram of the fibre-size distribution in one of the operated nerves 
(Text-fig. 3c) shows a unimodal distribution, but the skewness of the curve 
is reduced as compared with the normal (Text-fig. 3a). 

A comparison of the calibre spectrum of myelinated fibres in the thoracic 
vagus trunk after intracranial and supranodose (extracranial) vagotomy shows 
a close similarity. This is confirmed by statistical analysis which shows no 
significant difference in the mean numbers of fibres in the 2-42 group and in 
the 4-14 groups following these two types of operation. We conclude, there- 
fore, that the jugular ganglion does not contribute myelinated fibres to the 
thoracic vagus trunk. This confirms the findings of DuBois & Foley (1937). 
Cardiac branches 

The thoracic cardiac branches of the vagus are variable in their number, 
size and level of origin. They normally contain non-myelinated and myelinated 
fibres, the latter ranging from 1 to 12, in diameter (PI. 2, fig. 10). The myeli- 
nated fibres show a unimodal size-frequency distribution, the majority being 
between 2 and 6, in diameter (Table 32). 

After intracranial and supranodose (extracranial) vagotomy, many myeli- 
nated and non-myelinated fibres persist in the cardiac branches. Table 3 
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and c shows the size-frequency distribution of myelinated fibres in five nerves 
obtained from the operated side. The range of diameter (1-12,) is similar to 
normal, but owing to the considerable individual variability no definite 
conclusions can be drawn about the effect of these operative procedures on 
the fibre content of the cardiac branches. The reduction in the proportion 
of fibres in the 2-4 group occurring in the thoracic vagus and in the 
bronchial branches (vide infra) is not evident in the cardiac branches. 


Animal Fibre diameter (,) Total 
and r A — no. of 
specimen 0-2 24 46 6-8 8-10 10-12 fibres 
(a) Normal 
6a 5-6 39-3 42-3 8-4 4-0 0-4 273 
13a. 2:3 19-4 52-7 20-9 3-9 0-8 129 
2la* 12-5 26-4 53-2 6-4 1-4 — 280 
216* 32:1 26-8 35-7 2-7 2-7 — 112 
18-5 38-7 34-7 8-1 124 
185 5-7 3146 373 23-0 2-4 — 209 
(6) Intracranial vagotomy 
l4c 8-4 41-0 34-3 15-7 0-6 _ 166 
165* 6-9 39-7 19-0 58 
16c* 8-1 17-1 24-3 33-3 12-6 46 lll 
(c) Supranodose vagotomy 
6b 3-9 33-8 40-9 16-3 19 3-2 154 
7a 5-8 35-0 49-6 8-8 0-7 — 137 
* These represent different cardiac branches in the same animal. 
Bronchial branches 


Some of these arise as fine twigs from the vagus rostral to the hilum of the 
lung, whereas other larger branches, one or two in number, originate from the 
vagus as it runs on the dorsal aspect of the main bronchus. These branches 
contain both myelinated and non-myelinated fibres, the former being more 
compactly arranged than in the thoracic vagus trunk (Pl. 2, fig. 9). Table 4a 
shows the size-frequency distribution of myelinated fibres in normal bronchial 
branches. The fibres are distributed unimodally and range from 1 to 12 » in 
diameter (Text-fig. 4). In one case (5a), however, a strict unimodal pattern 
did not occur. 

After intracranial and supranodose (extracranial) vagotomy some myeli- 
nated and non-myelinated fibres in the bronchial branches degenerate. The 
myelinated fibres in the operated nerves have the same range of diameter as 
in normal ones (Table 4b, c, and Text-fig. 4). A comparison of the size- 
frequency distribution of myelinated fibres shows that, after intracranial 
vagotomy, there is a reduction in the proportion of fibres in the 2-4 y group. 
There is no apparent difference between the proportions in the larger fibre 
groups. Owing to great variability in the proportion of fibres in each group 
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and in the total fibre count even in normal nerves, no statistical analysis has 
been made of these results. A count of fibre diameter distribution has only 
been made in one bronchial branch following supranodose vagotomy. As will 
be seen from Table 4c, the diminution in the proportion of fibres in the 
2-4 group is not evident in this case. 

It is probable that a few of the myelinated and non-myelinated fibres in 
the thoracic vagus and its cardiac and bronchial branches surviving these 
operative procedures are sympathetic in origin. The number must be small, 
however, for after chronic cervical vagotomy (below the nodose ganglion) 
practically all fibres in these nerves degenerate. 


TaBieE 4, Size-frequency distribution of myelinated fibres in bronchial branches of the thoracic 
vagus nerve. The figures indicate percentages of the total fibre count 


and no. of 
specimen 0-2 24 4-6 6-8 8-10 10-12 12-14 fibres 
(a) Normal 
4a 8-9 44-4 28-3 14-0 41 0-3 — 323 
5a 3-1 37-2 28-6 10-6 17-3 3-0 —_ 538 
18a 6-6 32:8 32-1 20-4 5-8 2-2 — 137 
19a* 73 32-5 43-7 13-5 2-6 0-4 — 274 
3-5 30-4 44-9 18-1 31 227 
(6) Intracranial vagotomy 
lé4a* 5-8 16-2 19-9 26-6 27-0 41 0-4 241 
145* 2-5 11-7 15-9 39-6 27-9 2:1 0-4 283 
16a 16 14-7 51-2 17-8 13-2 1-5 _ 129 
(c) Supranodose vagotomy 
9a 2-6 37-6 48-2 8-4 2-3 10 — 311 
* These represent different bronchial branches in the same animal. 
(a) Normal (6) Intracranial vagotomy 
200 
| 
° 4 
4° 6 8 10 12 14 
Diameter Diameter (1) 
Text-fig. 4. Histograms showing the number of myelinated fibres of different sizes in 
bronchial branehes of the vagus. 
DISCUSSION 


The results obtained by previous workers on stimulation of the vagus nerve 
after chronic degenerative section above the nodose ganglion have been 
variable. In the dog, Morgan & Goland (1932) found that stimulation of the 
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cervical vagosympathetic nerve caused a fall in blood pressure and slowing 
of the heart or occasionally a rise in blood pressure accompanied by a tachy- 
cardia. In the cat, McSwiney & Spurrell (1933) found the cardio-inhibitory 
effects of cervical vagus stimulation to be abolished after degenerative section 
above the nodose ganglion; in most cases a rise in blood pressure and a tachy- 
cardia resulted. They recorded an occasional slight diminution in the amplitude 
of gastric contraction which was in no way comparable to the effects obtained 
by stimulation of the vagus on the unoperated side. They suggested that these 
slight effects were attributable to the concomitant vascular changes. It is 
not clear whether they were stimulating the cervical vagus or vagosympathetic 
nerve: in the latter event, their results could be explained as being due to 
stimulation of descending postganglionic sympathetic fibres (Ranson & 
Billingsley, 1918; Foley & DuBois, 1940; Foley, 1945; Butson, 1950), or of 
preganglionic looping fibres (Dixon & Ransom, 1912; Daly & Mount, 1951) 
running in the cervical sympathetic trunk. In this connexion, Richardson & 
Hinsey (1933), working on the cat, could find no effect on heart rate or blood 
pressure on stimulation of the caudal end of the cervical vagus nerves, but 
a slight rise in blood pressure occurred in two out of five experiments on 
stimulation of the caudal cut end of the cervical sympathetic nerve. These 
experiments were carried out after chronic section of the vagus above the 
nodose ganglion. Similar results were obtained by Daly & Mount (1949 
unpublished observations, 1951). Heinbecker & O’Leary (1933a, 6) found 
that there was no effect upon the heart on stimulation of the cervical vagus 
after chronic supranodose (extracranial) or intracranial vagotomy. They 
found, however, that adequate stimulation of the cervical vagus after chronic 
supranodose (extracranial) vagotomy produced constriction of the bronchi 
and excitation or inhibition of peristalsis in the duodenum. They do not state 
whether these motor effects occurred after chronic intracranial vagotomy. 
They concluded that ‘there are fibres in the vagus nerve whose cells of origin 
are in the nodose ganglia which are efferent in type’. In the present investiga- 
tion, we have been unable to confirm these findings. From the functional 
aspect, we can find no evidence for there being motor fibres to the bronchial 
musculature in the vagus with their cells in the nodose ganglion. In our 
investigation, the movements of the duodenum were not recorded, so that the 
possibility of such fibres with their cells in the nodose ganglion innervating 
the gut cannot be excluded. In this connexion, one of us (Evans & Murray, 
1953) found that, in the rabbit, stimulation of the cervical vagus after chronic 
supranodose (extracranial) vagotomy had no effect on the intragastric pressure ; 
stimulation of the vagus on the normal side produced a marked increase in 
pressure. 

Heinbecker (1930) analysed the action potential waves obtained from the 
cervical vagus trunk in the cat and demonstrated three potential units which 


s has 
only 
will 
the 
in 
hese 
all, 
ion) 
oracic 
2eN i 


592 M. DE BURGH DALY AND D. H. L. EVANS 

he correlated with fibre size in preparations stained with osmic acid. He 
associated the first wave with the activity of the large, heavily myelinated 
fibres, the second with the small, finely myelinated fibres, and the third with 
the non-myelinated fibres. This correlation between potential wave form and 
nerve fibre structure in the cat’s cervical vagus was extended by Hein- 
becker & O’Leary (19335). After section of the vagus above the nodose 
ganglion these authors found that there was disappearance of the earlier part 
of the first potential wave and this they correlated with the large motor fibres 
of the recurrent laryngeal nerve, which degenerate following such a lesion. 
They found no significant reduction in the amplitude of the later part of the 
first potential wave, and attributed this to the presence of large myelinated 
afferent fibres in #he cervical vagus which remained intact in their prepara- 
tions. The second potential wave produced by the small finely myelinated 
fibres showed a reduction of 30-50%, whilst the third wave, produced by the 
non-myelinated fibres, was not significantly changed. 

Heinbecker & O’Leary also studied the relationship between fibre diameter 
and function in the cat’s cervical vagus by application of gradually increasing 
pressure to the nerve trunk. Pressure was applied by ‘an especially constructed 
parallel jawed clamp’, and they reported that, in this way, it was possible to 
block the first and second potential complexes, leaving the third complex well 
developed. With pressure thus applied they found that conduction of reflex 
respiratory and blood-pressure effects and of pain impulses was effectively 
blocked. As a result of these observations they concluded that there were no 
non-myelinated afferent fibres present in the vagus of the cat. 

With regard to the efferent fibre-types in the cervical vagus nerve of the 
eat, Heinbecker & O’Leary (19335) state: ‘In normal animals it was demon- 
strated by a correlation between form and physiological effects in the organism 
that constriction of the bronchi and intestinal motor excitatory and inhibitory 
effects are produced by impulses conveyed by the non-myelinated fibres of the 
vagus.’ These fibres have their cells of origin in the nodose ganglion. ‘Other 
vagus fibres, certain of those to the heart, are of similar character, but their 
cells of origin are within the central nervous system.’ 

Our own histological findings show that after intracranial and supranodose 
(extracranial) vagotomy both small myelinated and non-myelinated fibres 
degenerate in the thoracic vagus trunk. With regard to the myelinated fibres 
degeneration was confined to the 2-41 group, of which about 60% disappeared. 
The extent of this reduction varied from animal to animal. No significant 
alteration occurred in the 4-14 groups. It has not been possible to estimate 
the proportion of non-myelinated fibres which degenerated. Degeneration of 
some myelinated fibres of the 2-4 group and of a proportion of the non- 
myelinated fibres also occurred in the bronchial branches of the vagus. In the 
cardiac branches, however, degeneration of some non-myelinated fibres was 
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observed but there was no obvious reduction in myelinated fibres. On the 
basis of our results of electrical stimulation of the cervical vagus nerve showing 
the absence of motor effects on the heart and bronchial musculature after these 
operative procedures, we conclude that these motor functions are conveyed 


essentially by myelinated fibres of the 2-4 » diameter group and by non- 


myelinated fibres; these fibres have their cells of origin within the central 
nervous system. It follows that the large numbers of myelinated and non- 
myelinated fibres which survive are afferent in function. 


SUMMARY 


1, The effects of stimulation of the cervical vagus nerve on the heart rate, 
blood pressure and bronchioles after chronic degenerative section at vario 
levels have been investigated in the anaesthetized cat. 

2. After chronic section of the vagus below the nodose ganglion, aboyé the 
nodose ganglion (extracranial) or intracranially, stimulation of the caudal end 
of the ipsilateral cervical vagus nerve causes no effect on the heart or bronchioles. 
Contralateral vagus stimulation produces the usual effects on these structures. 
It is concluded, therefore, that there are no motor fibres in the vagus supplying 
the heart and bronchial musculature with their cell bodies in the nodose 
ganglion. 

3. Chronic section of the cervical vagus below the nodose ganglion produces 
degeneration of nearly all the myelinated and non-myelinated fibres in the 
thoracic vagus trunk and in its cardiac and bronchial branches. 

4. After supranodose (extracranial) or intracranial vagotomy both small 
myelinated (2—4 diameter group) and non-myelinated fibres degenerate in 
the thoracic vagus trunk. Large numbers of both types of fibres survive. No 
obvious degeneration of the myelinated fibres in the 4-14 « groups occurred. 
Similar effects were observed in the bronchial branches of the vagus. In the 
cardiac branches, however, there was no obvious reduction in the number of 
myelinated fibres. 

5. Our histological findings indicate that motor functions of the vagus to 
the heart and bronchial musculature are conveyed essentially by myelinated 
fibres of the 2-4 » diameter group and by non-myelinated fibres. Afferent 
functions are served by myelinated fibres found in all the diameter groups 
(1-14 4) and by non-myelinated fibres. 

We wish to thank Mr D. A. Sholl for advice on statistics and Mr D. R. Bacon and Miss R. Smith 


for technical assistance. One of us (M. de B. D.) wishes to thank the Medical Research Council for 
& grant defraying the expenses of part of this work. 
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All photographs of the thoracic vagus trunk were made from transverse section taken at a level 

mid-way between the level of the aortic arch and the hilum of the lung. 

Fig. 1. Myelinated nerve fibres in a portion of a normal thoracic vagus trunk (136). Weigert. 

Fig. 2. Myelinated fibres in a portion of the thoracic vagus trunk after intracranial vagotomy 
(16d). Weigert. Note the reduction in the number of small myelinated fibres compared 
with the normal. 

Fig. 3. Myelinated fibres in a thoracic vagus trunk after supranodose vagotomy (64). Weigert. 
The appearance is similar to that found after intracranial 

Fig. 4. Weigert preparation of a thoracic vagus trunk after cervical 


Fig. 5. Pyridine-silver preparation of a portion of a normal thoracic vagus trunk (16¢). Both 
myelinated and non-myelinated fibres are stained, and comparison with Fig. 7, taken at the 
same magnification, shows that the non-myelinated fibres far outnumber the myelinated | 


fibres. 
Fig. 6. 
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EXPLANATION OF PLATES 


vagotomy. 
vagotomy and sympathectomy 
below the nodose ganglion. Only a few myelinated fibres remain. (3<.) 


Pyridine-silver of a portion of a thoracic vagus trunk after intracranial 

vagotomy (16f). Comparison with Fig. 5 shows that the operation has resulted in a con- 
siderable reduction in fibre density in this part of the nerve. This reduction is caused by 

of some non-myelinated and small myelinated fibres. 

Fig. 7. Weigert preparation of a portion of a normal thoracic vagus trunk (13¢) taken at the same 
magnification as Fig. 5. 

Fig. 8. Pyridine-silver preparation of a portion of a thoracic vagus trunk after intracranial 
vagotomy (16f). This portion of the nerve shows an approximately normal fibre density. 

Fig. 9. Transverse section of a normal bronchial branch of the vagus (5a). Weigert. 

Fig. 10. Transverse section of two normal cardiac branches of the vagus (21a@ and c). Weigert. 
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A STUDY OF RIGHT AND LEFT ATRIAL RECEPTORS 


By A. 8. PAINTAL* 
From the Department of Physiology, University of Edinburgh 
(Received 1 December 1952) 


The satisfactory recording of impulses in afferent fibres from receptors in the 
great veins and atria has been accomplished by a number of investigators 
(Amann & Schafer, 1943; Walsh, 1947; Whitteridge, 1948; Jarisch & Zotter- 
man, 1948; Dickinson, 1950; Neil & Zotterman, 1950), and it has been shown 
that their frequency of discharge is related to the pressure in the great veins 
and atria (Whitteridge, 1948; Dickinson, 1950). The receptors so far described 
are known to arise from the atria and are characterized by the presence of an 
a volley of impulses in time with the a wave of the venous pressure curve. 
Hereafter these will be referred to as type A atrial receptors. 

The existence of another kind of cardiovascular fibre in the vagus was 
reported by Walsh & Whitteridge (1944) and confirmed by Whitteridge (1948). 
It was shown that this fibre differed in many ways from venous and depressor 
fibres and, for several reasons, it was believed that it arose from receptors in 
the small vessels of the lung. Later, Pearce & Whitteridge (1951) showed that 
a linear relationship existed between the activity of these ‘ pulmonary vascular’ 
fibres and the pulmonary arterial pressure. The blocking temperature of these 
fibres was shown to be about 8 to 4° C (Torrance & Whitteridge, 1948) which 
corresponded well with their conduction velocity (Paintal, 1952). 

However, no experiments with the view to locating these pulmonary 
vascular receptors had been undertaken with the open chest so far. This was 
recently achieved, and in this paper the results of these experiments will be 
described. It will be shown that all such receptors encountered so far arose in 
the right and left atria of the heart; these will be referred to as type B atrial 
receptors. 

METHODS 

Twelve cats anaesthetized with chloralose (80 mg/kg) were used in the present series of experi- 
ments; satisfactory results were obtained from ten. The technique of isolating single units and 
recording their nerve impulses was identical with that described elsewhere (Paintal, 1953). All 
the experiments were done on the right cervical vagus. 

The right venous pressure was recorded by a semi-rigid catheter 20 om long inserted through 
the left external jugular vein and connected to a capacitance manometer filled with 0-9 % (w/v) 
* Present address: T. D. E. Laboratory, Kanpur, India. 
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sodium chloride. In one experiment the right intraventricular pressure was recorded with a 
similar catheter passed down the left external jugular vein and the catheter recording the venous 
preasure was inserted down the corresponding vein of the right side. The electronic circuit used 
was @ modification of the one described by Alexander (1951) for an ultramicrometer. Additional 
was obtained by a direct-coupled pentode which permitted a sensitivity of over 
20 Vicom H,O. The manometer was linear over the range of pressures recorded and was stable 
over long periods. Nevertheless, to obviate any errors arising from base-line shift, each record 
was calibrated separately with a water manometer. The natural period of the whole recording 
system filled with saline was about 50c/s. The positions of the catheters were always checked at the 
end of each experiment. A constant endeavour was made to identify artifacts due to movements 
of the heart in the venous pressure records. Provided that the catheter was not blocked at the 
time of recording the pressure records were, as a rule, free from artifacts; where they were present 
the pressure records were discarded. 
The intrapleural pressure was recorded with a wide bore neédle connected to an air-filled 
mirror membrane manometer. 


RESULTS 
Location of so-called pulmonary vascular receptors 
Altogether, the location of ten such fibres has been achieved with certainty. 
Experiments were always begun with the animal breathing spontaneously 
with an intact chest. Single units were dissected until a pulmonary vascular 
fibre was obtained (Fig. 1) and was then finally identified by the criteria 


Fig. 1. A type B right atrial fibre. From above downwards, e.c.g.; impulses in a right atrial 
fibre; time in #5 sec; intrapleural pressure, inspiration downwards. Activity in the fibres 
is increasing during inspiration. 


described already (Whitteridge, 1948; Pearce & Whitteridge, 1951). These 
were, briefly: (1) that the pattern of discharge should be of a late systolic 
character, without an a burst of impulses in time with auricular systole; 
(2) the activity should be augmented by an increase in venous return produced 
by normal or obstructed inspiration, or by suction of air from the trachea; 
(3) the activity should be decreased or abolished during a sustained positive 
pressure inflation of the lungs. 
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Identification of the fibre was followed by putting the animal on positive 
pressure ventilation and opening the chest as quickly as possible. This was 
done by cutting through the mid-sternal region, taking care that the nerve 
fibre on the recording electrodes was not disturbed at all. In order to make the 
necessary observations as quickly as possible no attention was paid to haemo- 
stasis as the viability of single unit preparations is very uncertain. 


Fig. 2. Effect of occluding the pulmonary artery on the fibre shown in Fig. 1. Records A, B and C 
are continuous. From above downwards, right intra-atrial pressure; e.c.g.; impulses in 4 
right atrial fibre; time in ws sec. Occlusion of the pulmonary artery was commenced at 
arrow in A and released at arrow in C, 


The pericardium was slit and the pulmonary artery occluded between finger 
and thumb. In six fibres there was an immediate increase in fibre discharge 
associated with an increase in venous pressure (Fig. 2) which lasted as long as 
the compression on the pulmonary artery was maintained. The occlusion 
initially produced a continuous discharge which then regained the original 
type of cardiac rhythm with intervals of silence, despite the continued rise 
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in venous pressures. The silent intervals corresponded to the fall in the venous 
pressure, and they disappeared when the right auriculo-ventricular (a-v) junc- 
tion was compressed, which produced a much greater rise in venous pressure. 
The interval of silence in spite of the raised venous pressure is probably due 
to the sudden decrease in the stimulus intensity—an explanation provided 
by Bronk & Stella (1934) for the behaviour of carotid pressure receptors. 


H,0 
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Fig. 3. Effect of occluding the pulmonary artery on a type B left atrial fibre. A, B and C are 
continuous, From above downwards, right intra-atrial pressure; right intraventricular 


pressure; ¢.¢.g.; impulses in fibre; pulmonary artery was occluded between upper and lower 
arrows. The calibrations apply to the intraventricular pressure. 


In four fibres occlusion of the pulmonary artery abolished the fibre discharge 
which returned after a variable period on releasing the occlusion. This is 


illustrated in Fig. 3 which shows the effectiveness of the occlusion by the rise J 


in the right intraventricular pressure. In fibres responding in this way 
compression of the left a-v junction produced a pronounced increase in fibre 
activity which always lost its cardiac rhythm and became continuous (Fig. 4). 
On releasing the occlusions the fibre discharge regained its original character. 
Compression of the left a-v junction produces a rise in the right intraventricular 
and the right venous pressures as well, although the rise was never as great as 
that produced by occluding the pulmonary artery. For this reason occlusion of 
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Fig. 4. Effect of occluding the left a-v junction on a type B left atrial fibre. The records are 
continuous. From above downwards, e.c.g.; impulses in the fibre; time in 7g sec. Left a-v 
junction was occluded between arrows. : 


Fig. 5. Effect of clamping the pulmonary veins on two type B left atrial fibres. A and B are 
continuous. From above downwards, right intraventricular pressure (calibrated); right 
intra-atrial pressure; ¢.c.g.; impulses in fibres. The clamp on the pulmonary veins was 
released at arrow in A and re-applied at arrow in B. Note that, at upper arrow, activity in 
the fibre with a small impulse ceases and activity in the fibre with large impulses begins. 
The reverse takes place at the arrow in B. This is presumably due to the two fibres being 
proximal and distal to the clamp respectively. 


| 


ATRIAL RECEPTORS 601 
the left a-v junction also gives rise to increased fibre activity in right atrial 
fibres. 

Clamping the pulmonary veins produced the results shown in Fig. 5 where 
the effectiveness of the clamp is shown by the changes in the right intra- 
ventricular pressure. From these observations it was provisionally concluded 
that these four receptors were located in the left atrium. Finally, proof of the 
location of these receptors, whether on the right or the left side, was obtained 
after isolating the appropriate atrium by clamping the veins and the a-v 
junction. Saline was then injected into the atrium through a cannula and 
a discharge, as shown in Fig. 6, was obtained; removal of saline abolished the 
discharge. 


Fig. 6. Effect of injecting saline into an isolated left atrium on a type B left atrial fibre. From 
above downward, right intraventricular pressure in a failing heart; e.c.g.; impulses in the 
fibre. At arrow in A saline was injected. B shows the effect of withdrawing saline. 


By observing the effect on the fibre discharge of pressing the atrium, it was 
found that the receptors were located in the posterior part of the atria, some 


near the opening of the veins. This is illustrated in Fig. 5 where a clamp near 
the opening of the pulmonary veins into the atrium produced the opposite 
effects in two receptors, due presumably, to one receptor being situated distal 
to, and the other proximal to, the clamp. Later, when the clamp was applied 
farther away from the atrium both the receptors behaved identically. None 
were located in the auricular appendage. 

No responses could be obtained by pressing near the interauricular septum 
or the bases of the aorta and pulmonary artery where the supracardial ganglia 
(Nonidez, 1936) are located. Finally, in three cases, he 8 a a localized 
portion of the atria by a clamp abolished all responses from ptor, this 


being preceded by a high-frequency discharge. By these methods all the fibres 
encountered were definitely located in the atria, six in the right and four in 


the left. None was found in the small vessels of the lung. 
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In three fibres it was shown that the conduction velocity of the single active 
unit before and after opening the chest was identical, thus proving that the 
active fibre after opening the chest was the same as the one observed with an 
intact chest. 

As all the nerve fibres were dissected from the right vagus it is clear that 
a considerable number of fibres of the left side cross over to the right vagus, 
and probably the converse is true as well. 

Although the left atrial type B receptors are similar to the right atrial ones 
in several ways, they have a number of distinctive features. The discharge in 
right atrial receptors (Fig. 1) increases during the first cardiac cycle after the 
beginning of inspiration, reaches a peak at the height of inspiration, and falls 
considerably at the end of it. The increase in activity of left atrial receptors 
(Fig. 7A) occurs two to three heart beats after the beginning of inspiration ; 
often this is preceded by a small decrease in the number of impulses (Fig. 7 A). 
Peak activity is attained at the end of inspiration or the beginning of expira- 
tion. Such differences are fully accounted for by the observation of Cahoon, 
Michael & Johnson (1941) on the size of the right and left auricles during the 
respiratory cycle. Similar differences in timing occur during obstructed 
inspiration (Fig. 7B) or during suction of air from the trachea. 

During a sustained positive pressure inflation of the lungs the activity in the 
atrial receptors of both sides decreases or is abolished. However, on releasing 
the positive inflation, activity returns within one to two cardiac cycles in the 
right atrial receptors, but in those of the left side the return is delayed by 
about five to seven heart beats, usually until the subsequent inspiration. These 
observations on the difference between right and left atrial receptors are in 
general agreement with those of Whitteridge (1948) on right- and left-sided 
type A atrial receptors possessing an a volley of impulses. 

With the open chest the late systolic pattern of discharge of these fibres 
remains unaltered, although an a burst of impulses has often been seen in 
a number of fibres. This acquisition has always been a temporary feature and 
is probably brought about by a change in the position of the heart. The right 
atrial receptors are unaffected by the respiratory changes produced by the 
positive pressure ventilation. On the other hand, the left atrial fibres show an 
increase at the beginning of each inflation (Fig. 7(). 

The volley of impulses in these receptors begins about 70-210 msec after 
the Q wave of the e.c.g. and it varies considerably in the same fibre with the 
respiratory cycle, beginning earlier in the cardiac cycle with increase in 
activity. However, for any given level of activity its relation to the QRS 
complex is not appreciably altered by increasing or reducing the heart rate. 
On the other hand, the relation of the volley to the P wave of the e.c.g. is 
easily varied by any change in the heart rate. With a normal heart rate of 
about 130/min the discharge usually ceases at, or a few milliseconds before, 
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the P wave of the e.c.g. If the heart is slowed as by stimulating the vagus the q | 
discharge ceases considerably before the P wave; at rates of 100/min the a 
interval between the last impulse and the beginning of the P wave maybe 7 
over 100 msec, Conversely, with a rapid heart the discharge may end well | 


Fig.J7. Type B left atrial fibres. Records A and B show respectively the effect of a normal and 
obstructed inspiration with closed chests on a fibre. C shows the effect of positive inflation 
with open chests on another fibre. From above downwards in A and B, right venous pressure ; 
€.¢.g.; impulses in a fibre; time in 4g sec; intrapleural pressure. In C, inflation is indicated 
by the upward movement of the respiratory signal. Note the small decrease in the number 
of impulses at the beginning of inspiration in A and B. 


after the P wave. The timing of the v wave of the venous pressure curve 
varies in the same way as the fibre discharge when the heart is slowed or 
speeded up. The observation (Whitteridge, 1948) that the v wave may run 
into the next a wave in rapidly beating hearts is confirmed. The cessation of 
the discharge therefore does not appear to be related to auricular systole, but 
rather to ventricular activity for reasons which will be discussed later. 


ive 

the 

an 

hat 

us, 

168 

A 

he | 

Ils 

n; | 

i). 

he 

| 

1e 

d | 

8 

i 

| 

r 


604 A. 8. PAINTAL 


Isolated atrial experiments 
Experiments with the isolated atrium have shown that these type B atrial 
receptors do not discharge impulses when the atrium is empty but do so when 
a certain threshold of filling is reached which is usually between 0-5 and 1 ml. 
Such responses can be obtained for as long as 20 min after the heart has 
stopped. Injection of a certain quantity of saline into the inactive atrium 


120} A 


Fig. 8. Frequency of discharge in single type B left atrial fibres after injection of saline (at arrow) 
into an isolated left atrium. B shows the slow adaptation to stimulus in an inactive atrium. 
A shows the effect of spontaneous atrial contractions (c) on the frequency of discharge. 


produces a slowly adapting discharge (Figs. 6 and 8B). If the quantity intro- 
duced is small, the discharge ceases after a few seconds. In an atrium showing 
spontaneous activity the process of adaptation is modified by the muscular 
contractions; the frequency of discharge rises rapidly with the increase in 
ros Wty pressure and falls off during relaxation to a lower level than before 
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Atrial filling was found to bear a linear relation to fibre discharge (Fig. 9). 
The injection was performed by means of a 20 ml. syringe which was connected 
to a wide bore cannula through a piece of polythene tubing. Starting with an 


_ empty atrium, saline was then injected in | or 2 ml. steps, each subsequent 


volume being added on to the previous one. The rate of injection was not 
accurately controlled but attempts were made to make the injections as rapid 
as possible. The average frequency of discharge over a period of 0-5 sec of the 
record was determined 1 sec after each injection and the values plotted as 
shown in Fig. 9. In this figure the values were obtained from two sets of 
observations on the same fibre. 


60 


4 8 12 
ml. saline 


“Fig. 9. Relation of frequency of discharge in a type B left atrial fibre to various levels of atrial 


filling in an isolated left atrium. The frequency of discharge plotted was averaged over 0-5 sec 
of the record 1 sec after each injection. The data were obtained from two sets of observations 
on the same fibre. 


Accurate observations on relation of atrial filling to fibre discharge could 
only be made in left atrial fibres as the left atrium only could be made suffi- 
ciently water-tight—the criterion being that it should be possible to withdraw 
the same quantity of saline as was injected. This was not possible in the right 
atrium after clamping off the great veins, vena azygos, and the right a-v 
junction, presumably because of leakage into the coronary sinus and small 
cardiac veins. 

From the results obtained it seems reasonable to infer that these receptors 
are stretch receptors responding to changes in the atrial filling. 

Plotting the frequency of discharge as the reciprocal of the interval between 
the impulses shows that it does not bear any relation to the a wave of the 
venous pressure curve with which the highest pressure and the highest rate 
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of rise of intra-atrial pressures are nearly always coincident. In this respect 
these receptors differ from the type A atrial receptors already described 
(Whitteridge, 1948; Dickinson, 1950) which show a predominant a volley 
with or without c and v volleys of impulses. On the other hand, the v wave does 
seem to be related to the fibre discharge in some ways although the relation is 
not so close as is that of the carotid and aortic pressure receptors to the carotid 
and aortic pressures respectively (Bronk & Stella, 1932; Whitteridge, 1948). 
The contour of the frequency curve is at times related to the contour of the 
v wave but it can deviate considerably from it and it seems, therefore, that 
the discharge of impulses in atrial receptors is not occasioned by the v wave 
of the intra-atrial pressure. The beginning of the discharge is always delayed 
with respect to the v wave and, although peak frequency and peak pressure 
in the v wave coincided within 5 msec in four fibres, they may deviate from 
each other by as much as 60 msec. 

The general coincidence is of interest as both fibre discharge and the v wave 
probably owe their origin to atrial filling. However, the contour of the v wave 
may also depend on other factors such as ventricular systole and the presence 
of such factors might explain the observed deviation of the v wave from the 
frequency of discharge. If the gradual elevation of the intra-atrial pressure 
during ventricular systole is due to atrial filling (Wiggers, 1928) then the 
slight delay in the beginning of the volley in relation to the v wave is probably 
due to the receptors having a threshold at which they fire off. 

The effective venous pressure is related to the number of impulses in a 
cardiac cycle, which is in agreement with the observations of Dickinson (1950) 
on the type A atrial receptors. However, as the preceding sections show, the 
effective venous pressure, though related to fibre activity is not the stimulus 
for these type B atrial receptors. 


DISCUSSION 

These experiments indicate conclusively that the great majority of so-called 
pulmonary vascular receptors are located in the right and left atria of the 
heart since all the ten receptors examined so far were found in that region, 
none in the small vessels of the lungs. 

In view of this finding a distinction is made between these receptors and 
those (also known to arise in the atria) possessing an a volley of impulses in 
time with the a wave of the venous pressure curve; they are therefore desig- 
nated type B and type A atrial receptors respectively. 

These results do not imply that there are no receptors in the small vessels 
of the lung; they only indicate that all the so-called pulmonary vascular 
receptors so far examined arise elsewhere. 

It seems reasonably certain that these type B atrial receptors are not 
pressure receptors of the type found in the aorta (Whitteridge, 1948) or the 
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carotid sinus (Bronk & Stella, 1932) since they do not follow the intra-atrial 
pressure changes. They are inactive at a time when the pressure in the atria is 
the highest, i.e. during the a wave, and although some relation of the volley 
to the v wave does exist, the two may deviate quite considerably from each 
other. On the other hand, it is clear that they are slowly adapting stretch 
receptors which under normal conditions respond to changes in the atrial 
volume (Fig. 9). They are no different from stretch receptors in other parts of 
the body, such as those in the lungs, which are slowly adapting and respond 
linearly to changes in the volume of air in the lungs (Adrian, 1933). Like other 
stretch receptors those in the atria are insensitive to anoxia for they continue 
to be active for as long as 20 min after the heart has stopped. The atria are 
thin-walled collapsible structures and the tension in their walls increases when 
they are filled; the greater the filling the greater the stretch. 

In the isolated atrium the occurrence of spontaneous atrial contractions 
gives rise to a volley of impulses associated with a rise in the intra-atrial 
pressure (Fig. 10). The muscular contraction leads to an increase in the tension 
in the atrial wall due to the rise in the intra-atrial pressure. The receptors are 
therefore stretched and are stimulated. Fig. 8A illustrates the effect of 
injecting saline into an isolated atrium showing spontaneous activity. During 
each isometric contraction due to the rise in intra-atrial pressure the frequency 
of discharge rises rapidly owing to an increased stretch on the receptors and 
falls off during relaxation to a lower level than before, rising again to a new 
level soon after. This is to be contrasted with the events occurring during 
atrial systole in a normal heart (see below). 

In the relaxed isolated atrium the activity of these receptors would bear 
some relation to the intra-atrial pressure which would be the same as the 
relation of volume to pressure under similar conditions. The finding of any 
such relationship, however, would not mean that the atrial receptors respond 
to intra-atrial pressure changes because, as shown already, they clearly do not 
do so normally. 

The patterns of discharge of the type B atrial receptors, i.e. the occurrence 
of a late systolic burst without an a volley of impulses is satisfactorily explained 
when they are regarded as responding to changes in atrial volume which they 
do in the isolated atrium. After the closing of the a-v valves following the 
QRS complex of the e.c.g., the atrium starts to fill gradually and when the 
threshold of filling for the receptor is reached, it is stimulated and starts 
firing. Thereafter, the frequency of discharge increases with increasing filling 
until, at some time during ventricular relaxation (Fig. 4), the a-v valves open 
and blood flows into the ventricle thereby reducing the atrial volume. The 
discharge therefore ceases at this point. This relation of the volley to ventri- 
cular activity is fairly constant, and it is now easy to see why the relation of 
the volley to the QRS complex mentioned earlier does not alter significantly 
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whether the heart rate is raised or lowered by stimulating the vagus. The phase 
of rapid filling is followed by a variable period of diastasis, provided the heart 
is slow enough (Wiggers, 1945). During atrial systole the atrial volume is still 
further reduced and there is therefore no discharge of impulses. This point is 
illustrated by the fibre shown in Fig. 10C where there is one atrial systole as 


Fig. 10. Type B right atrial fibres. In A from above, downwards, e.c.g.; impulses in a fibre; 
time in ¥s sec. In B and C there is an intra-atrial pressure record (uppermost) as well. 
A shows the discharge in a fibre with open chest. B shows the discharge in the same fibre 
with the atrium isolated. Each atrial contraction produces a burst of impulses associated 
with the rise in pressure. C shows the effect of alternation of atrial contractions as indicated 
by the a wave on the pressure record on the activity in another fibre. 


shown by the a wave of the venous pressure curve to every two ventricular 
systoles. With the alternation of auricular systole there is an associated 
alternation in the number of impulses per cycle. When auricular systole is 
absent some blood is retained in the atrium and with the added venous filling 
in the following cycle there is an increased discharge. 

It is conceivable that during atrial systole, although there is a rise in pressure 
which tends to increase the tension in the atrial walls, this is unable to stretch 
it sufficiently to stimulate the receptors in the presence of the markedly 
reduced volume which occurs at this time. 

The nerve endings described histologically in this region (Nettleship, 1936; 
Nonidez, 1937) are chiefly sub-endothelial and they are probably the stretch 
receptors concerned. It is not difficult to imagine the effect on these endings 
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_ venous return the two types may have the same functions. The possibility 


a reflex requires that the receptors be stimulated by lowered venous pressure 
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when the atria are distended by the inflow of blood: The possibility was q 
considered that the receptors in question might be located near the auriculo- “ 
ventricular orifices where appropriate endings are believed to exist (Nettleship, a 
1936). In the present experiments no receptors were localized near the a-v if 
junction, although a number were definitely localized on the posterior aspect 
of the atria and near the opening of the veins into the atrium. 

It is indeed surprising that these receptors have not been encountered by ps 
investigators working on animals with open chests (Jarisch & Zotterman, Ai 
1948; Dickinson, 1950). Possibly it is due to the fact that they were mostly ; 
recording from multi-fibre strands and the activity of these receptors was iq 
therefore masked by the more pronounced activity of type A atrial receptors. BS 

The function of the type B atrial receptors is obscure. Although their 
pattern of discharge is different from that of type A atrial receptors there is 
no reason to regard them as being different in function. In fact, being located 
in the same region and responding in the same way to alterations in the 


of correlating the activity of the right-sided ones with the Bainbridge reflex 
is rendered difficult owing to the doubt cast on the reflex by the work of 
Ballin & Katz (1941). They could not be the afferent mechanisms responsible 
for the doubtful veno-pressor reflex suggested by McDowall (1924), as such 


presumably due to a reduction in atrial filling. On the other hand, the position 
of the left atrial receptors seems more hopeful. It is very likely that they play 
an important part in the production of a reflex fall in the systemic blood 
pressure when the left atrium is distended by obstruction to the outflow of blood 
(Daly, Ludény, Todd & Verney, 1937). The fact that there is a considerable 
amount of crossing over of afferent atrial fibres into the vagus of the opposite 
side should be borne in mind in any investigation of their reflex effects. 
SUMMARY 

1. The pulmonary vascular receptors described by Whitteridge (1948) have 
been re-investigated with open chests in the cat, and it has been shown that 
all the ten receptors so far examined were located in the right and left atria 
of the heart, none in the small vessels in the lung. 

2. These receptors have only a late systolic volley of impulses in contrast 
to other receptors (also located in the atria) which have a predominant 
presystolic volley in time with the a wave of the venous pressure curve. To 
distinguish them, therefore, the two types were designated type B and type A 
atrial receptors respectively. 

3. The left atrial type B receptors have a number of characteristic features 
which distinguish them from the right-sided ones. A good many of their 
afferents cross over to the right vagus. 
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4. Experiments performed with the isolated atrium have shown that these 
receptors adapt slowly to a maintained stimulus. They respond linearly to 
changes in atrial filling. 

5. It is concluded that the type B right and left atrial receptors do not 
respond to intra-atrial pressure changes. They are stretch receptors responding 
to change in atrial filling. | 

I am deeply indebted to Prof. D. Whitteridge for his guidance throughout this investigation 


and also for his generous hospitality. I am grateful to Mr W. T. 8. Austin for many helpful 
technical suggestions and to Miss M. Forfar for much assistance during the experiments. 
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THE EFFECT OF VARYING GLUCOSE CONCENTRATIONS 
ON THE MAMMALIAN END-PLATE POTENTIAL 


By G. H. JEFFRIES 
From the Department of Physiology, University of Otago, Dunedin, 
New Zealand 


(Received 13 December 1952) 


Since relatively low concentrations of glucose were found to depress the 
manufacture of acetylcholine by tissue extracts in vitro, Feldberg (1945a, 5, 
1950) suggested that the concentration of glucose normally present in blood 
exerts a restraining influence on acetylcholine synthesis by nervous tissue, 
and he further suggested that the convulsions of insulin hypoglycaemia might 
be due to the removal of a restraining influence which blood glucose normally 


_ exerts upon the synthesis or release of acetylcholine (Feldberg, 1950). 


The end-plate potential may be assumed to give a measure of the depolariza- 
tion produced at the end-plates by the acetylcholine liberated during a nerve 
volley (Eccles & Macfarlane, 1949; Fatt & Katz, 1951). On the further 
assumption that the depolarizing action of acetylcholine is unaffected by the 
concentration of gluccse, variations in the size of the end-plate potential may 
be taken to indicate variations in the liberation of acetylcholine under these 
conditions. The present study uses in this way the size of the end-plate 
potential to give an indirect estimate of the output and synthesis of we td 
choline. It is thus possible to test the hypothesis of Feldberg (1950) under 
in vivo conditions, in so far as it is applicable to acetylcholine synthesis in the 
motor nerve terminals. 

METHOD 
The left phrenic nerve and a 5 mm strip from the left hemi-diaphragm at the site of nerve entry 
were removed under ether anaesthesia from 3—4-month-old male albino rats of the Wistar 
strain. The strip was suspended between two Perspex fixation hooks in a sealed semi-cylindrical 
Perspex chamber (cf. R. M. Eccles, 1952). Rotation of the chamber permitted the preparation to 
be immersed in Krebs solution, or withdrawn from solution for stimulating and recording, without 
movement of the recording leads on the preparation. 

Potentials were recorded between two platinum wire electrodes, one fixed at the costal attach- 
ment of the muscle, and one movable at the end-plate region; the nerve was mounted on two 
flamed platinum wire stimulating leads. A platinum earth plate was in contact with nerve and 
muscle near the central tendon attachment. Potentials were recording photographically from a 
cathode-ray oscillograph and amplifier with differential input. <3 
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The modified Krebs solution (Krebs & Henseleit, 1932) used throughout this work had the 
ionic composition shown in Table 1. The original concentration of bicarbonate (27:2mM) was 
reduced to 13-6 mm and ‘carbogen’ containing 5% CO, and 95% O, was bubbled through the 
solution. Glucose was added to the solution in varying concentrations. The temperature of the 
fluid in the chamber was thermostatically controlled at 38-39° C. 


Taste 1. Composition of modified Krebs solution (mm) 


Nat 138-0 134-6 
K+ 6-2 1-2 
Ca*+ 2-7 - 1-2 
Mg** 12 HCO,- 136 


p-Tubocurarine (Squibb) in a concentration of 4 x 10-*m was used in each experiment in the 
Krebs solution in order to block neuromuscular transmission. Stimulation of the phrenic nerve 
then produced end-plate potentials. Where the solution was changed, as in decreasing the glucose 
concentration, the preparation was soaked for 30 min in the new solution before recordings were 
taken in order to ensure that concentration equilibrium had been reached (cf. Eccles & Macfarlane, 
1949). 

Fig. 1a shows a typical end-plate potential which a phrenic nerve volley sets 
up in the isolated diaphragm strip, time to summit being 0-7 msec and half- 
decay from summit occupying 1-08 msec. These times are typical values when 
recording, as in these experiments, close to the end-plate region of the strip 
(Ludbrook & Whyte, unpublished). Previous records of mammalian end-plate 
potentials (Eccles, Katz & Kuffler, 1941; Hajdu & Knox, 1950) have been 
seriously distorted by being recorded in volume. 
_ Increase in the concentration of glucose from 0-1 to 0-5% causes no 
significant change in the time course or size of the end-plate potential 


(Fig. 16). However, decreasing the glucose concentration to zero causes 


@ progressive decline of the end-plate potential, which is, however, fully 
reversed on restoration of glucose provided that the depression is not allowed 
to proceed too far (Fig. 1c). Since the time course of the end-plate potential 
showed no appreciable change, it may be assumed that the surface membrane 
of the muscle fibre was not seriously affected by the lack of glucose. 


The effects of glucose concentration on the 
end-plate potentials of a tetanus 
Fig. 2a is a typical repetitive end-plate potential evoked by tetanic nerve 
stimulation at 180 per sec. In Fig. 26 the successive end-plate potentials are 
plotted as a percentage of the first potential of the series.. Before each 
stimulation the preparation had been soaked for 30 min periods in Krebs 
solutions containing 0-05, 0-16 and 0-36% glucose by weight, respectively. 
Typically there is no significant difference in the rate of decline of the suc- 
cessive end-plate potentials. During the course of this experiment there was 
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a 10% decrease in the height of the initial end-plate potential, presumab 
attributable to a general deterioration of the preparation over the nomena 


0 L i j i j j 


L 
Fig. 1. (a) A single end-plate potential, showing the preceding intramuscular nerve volley. 
Voltage calibration, 0-2 mV. Time marks, msec. (b) Single end-plate potentials at different 
glucose concentrations: (i) 0-1%, (ii) 0-3%, (iii) 05% glucose (all w/v). Records retouched 
to improve contrast. (c) The graph plots the height of single end-plate potentials. Abscissa: 
time in min; ordinate: size of end-plate potential in arbitrary units. The initial potentials 
were recorded in Krebs solution containing 0-22% (w/v) glucose. At the first arrow, the 
preparation was removed to Krebs solution containing no glucose. At the second arrow, 
the preparation was re-immersed in Krebs solution containing 0-22% (w/v) glucose. The 
actual periods of immersion are indicated at the bottom of the figure, filled rectangles showing 
the periods of soaking in glucose-free solution. 


The recovery of end-plate potentials ~ prolonged tetanic stimulation 
When stimulated at 180 per sec, the successive end-plate potentials initially 
declined rapidly to a level approximately 1/5 normal (Fig. 2ai), and then 
declined slowly to the level seen in Fig. 2aii, when a steady state was reached. 
This steady state was maintained during stimulation for several minutes and 
presumably represents a condition in which the nerve terminals have a low 
store of diffusible acetylcholine, and acetylcholine is being synthesized at 
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Fig. 2. (a) End-plate potentials during tetanic stimulation. (i) The potentials recorded at the 
beginning of a 180 per sec tetanus. (ii) Potentials after 45 sec tetanic stimulation. Time 
marks, 10 msec. Records retouched to improve contrast. (6) The graph plots the height of 
successive end-plate potentials at the start of tetanic stimulation of frequency 180 per sec. 
On the abscissa, the successive end-plate potentials are numbered serially from the first to 
the tenth; ordinates: size of end-plate potentials expressed as a percentage of the first. 
Observations after exposure to different glucose concentrations are plotted, the points being 
designated by different symbols as follows: ©, 0-05% glucose; ©, 0-16% glucose; @, 
0-36 % glucose (all w/v). 
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Fig. 3. (a) End-plate potentials recorded before and after a 1 min conditioning tetanus of 
frequency 180 per sec. (i) Control records before the tetanus. (ii), (iii), (iv) and (v) are records 
taken 5, 15, 30 and 60 sec respectively after cessation of the conditioning tetanus. Records 
retouched to improve contrast. (b) The graph shows the heights of testing single end-plate 
potentials after a 1 min, 180 per sec conditioning tetanus. Ordinates: size of end-plate 
potentials expressed as percentage of control end-plate potential before tetanic stimulation; 
abscissa: time in sec after cessation of conditioning tetanus. Results from tests with three 
different glucose concentrations are shown, the points being designated as follows: @, 011% 
glucose; ©, 0-33% glucose; @, 055% glucose (all w/v). 
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grate which is equal to the liberation during activity. Recovery after such 
prolonged repetitive stimulation is revealed by testing with single nerve 
volleys at relatively infrequent intervals. 

Fig. 3a shows control end-plate potentials and testing end-plate potentials, 
ii, iii, iv, v, recorded 5, 15, 30 and 60 sec respectively, after the conditioning 
tetanus. 

In Fig. 36 the single end-plate potentials following a 1 min 180 per sec 
tetanus, expressed as a percentage of the control potential recorded before 
the tetanus, are plotted against the time interval between the end of the 
tetanus and the testing potential. The three values at each time interval 
represent glucose concentrations of 0-11, 0-33 and 055% respectively. At 
intervals of 5 and 15sec the potential was below normal, at 30 sec in this 
experiment it reached normality, and at 60 and 120 sec intervals there was 
the characteristic post-tetanic potentiation (Liley & North, unpublished). 
There were no significant differences between the recoveries at the different 
glucose concentrations. 

DISCUSSION 

Studies on brain metabolism indicate that the primary energy source of 
nervous tissue is the oxidation of blood glucose (McIlwain, 1950). Studies of 
acetylcholine synthesis by nervous tissue in a divided state in vitro, have 
shown that acetylcholine synthesis requires a source of energy and that this 
energy is normally derived from aerobic glucose metabolism (Feldberg, 1945a; 
Mann, Tennenbaum & Quastel, 1938, 1939). Thus it is to be expected that 
there would be a depressed production of acetylcholine in the nerve fibres of 
an isolated neuromuscular preparation soaked in a glucose-free solution, there- 
by providing an explanation for the depression of end-plate potentials 
illustrated in Fig. lc. There is also evidence that the fine non-medullated 
nerve terminals of the isolated neuromuscular preparation are more readily 
depressed by glucose deficiency than are the medullated fibres of a nerve 
trunk or muscle fibres (Hajdu & McDowall, 1949). 

Mann et al. (1938, 1939) first showed that glucose stimulated acetylcholine 
synthesis by brain slices. In the absence of glucose there was little acetyl- 
choline formation. At a glucose level of 0-02°%, there was an almost maximal 
synthesis of acetylcholine, with a further slight increase at higher glucose 
levels. 

Feldberg (1945a), using 0-1% glucose, likewise observed the accelerating 
effect of glucose on acetylcholine synthesis. However, he found that when 
homogenized brain was incubated in eserine-saline (5 ml./g of ground tissue), 
the addition of 0-1% glucose caused an 18% depression of acetylcholine 
synthesis, while with 0-8 glucose there was a depression of 85%. Hence 
Feldberg (1950) suggested that blood glucose normally exerts a restraining 
effect on the continuous synthesis or release of acetylcholine in the central 
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nervous system, and that lowering of the blood glucose, in removing the 
‘glucose brake’, permits synthesis and release to. proceed at an abnormal rate. 
He further suggested that the convulsions of hypoglycaemia are thus due to 
an increased synthesis and release of acetylcholine in the central nervous 
| 

“= present experimental investigation indicates that Feldberg’s hypothesis 
cannot be extended to motor nerve terminals in vivo, for the following findings 
are contrary to prediction from the hypothesis: (i) Increase of glucose con- 
centration from 0-1 to 0-5% causes no significant change in the end-plate 
potential (Fig. 1b), whereas a depression would be predicted. (ii) On removal 
from a solution with 0-22% glucose to a glucose-free solution (Fig. 1c), the 
first change that is observed is depression of the end-plate potential, whereas 
according to the hypothesis a transient potentiation would be expected as the 
glucose concentration was lowered to the optimum value for acetylcholine 
synthesis in the motor-nerve terminals. (iii) The time course of decay of the 
successive end-plate potentials during a tetanus is not affected by increasing 
the glucose concentration from 0:05 to 0-36% (Fig. 2), where, according to 
the hypothesis, there should be a more rapid decay at higher glucose con- 
centrations due to depression of acetylcholine synthesis. (iv) The time course 
of recovery of end-plate potentials after a prolonged tetanus is not appreciably 
affected by increase in the glucose concentration from 0-11 to 0-55 % (Fig. 3), 
whereas, according to the hypothesis, depression of acetylcholine synthesis 
should cause recovery to be slower with higher concentrations of glucose. 

Thus it can be concluded that neither a normal blood glucose level of 0-1 %, 
nor glucose concentrations higher than this, exerts an inhibitory influence on 
the synthesis and release of acetylcholine by the axonal terminals of living 
motoneurones. Concentrations of glucose less than the normal blood level, 
presumably produce effects on acetylcholine synthesis only when nerve 
metabolism is impaired by a reduction in the available energy below the needs 
- of that metabolism. At such concentrations a depression of acetylcholine 
synthesis will occur. | 

SUMMARY 

It has been shown, from investigation of the end-plate potential of an isolated 
mammalian preparation, that glucose in normal blood concentrations does 


not exert a continuous depressant influence on acetylcholine synthesis and 
release by the axons of motoneurones. 


My thanks are due to Prof. J. C. Eccles for his interest and advice, and the Medical Research 
Council of New Zealand for defraying the expenses of this investigation. 
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THE RESULTS OF DIRECT INJECTIONS OF 
BOTULINUM TOXIN INTO THE CENTRAL 
NERVOUS SYSTEM OF RABBITS 


By JOAN R. DAVIES, R. 8. MORGAN, E. A. WRIGHT 
anp G. PAYLING WRIGHT 


From the Department of Pathology, Guy’s Hospital Medical School, London | 
(Received 31 December 1952) | 


A close similarity is now known to exist between the actions of the toxins of 
Clostridium tetani and Cl. botulinum on the neuromuscular mechanism of the 
rabbit’s iris (de Lavergne, Helluy, Faivre & Henry, 1948; Ambache, Morgan & | 
Payling Wright, 1948a, b; Ambache, 1949). After their injection into the 
anterior chamber of the eye, both toxins effect a prolonged paralysis of the 
sphincter pupillae muscle, which becomes irresponsive either to the light reflex | 
or to direct stimulation of the 3rd cranial nerve. That neither toxin acts directly 
on the muscle fibres themselves is shown by the readiness with which such 
paralysed irises contract under the stimulus of small doses of acetylcholine or 
carbachol. The site of action of both toxins seems to be at the post-ganglionic 
nerve terminals under the control of the 3rd cranial nerve, for after intoxica- 
tion with tetanus toxin thes@*ftbres lose most of their ability to produce or 
release acetylcholine (Ambache et al, 19485). The specificity of the intoxication 
is well shown by the finding that neither toxin affects materially, if at all, the 
adrenergic mechanism of the dilator pupillae, which remains normally 
responsive to electrical stimulation of the sympathetic supply. 

Since, in addition to its paralytic action on the cholinergic mechanism of the 
iris, tetanus toxin leads to exaggerated activity of central nervous structures 
when injected into the spinal cord or medulla (Meyer & Ransom, 1903; Firor, 
Lamont & Shumacker, 1940; Wright, 1951, 1953) it seemed important to 
determine whether botulinum toxin had any similar action. Because tetanus 
exerts its lethal action most potently when injected into the medulla oblongata, 4 


the botulinum toxin used in most of the following experiments was inoculated 
at the same site. 


MATERIALS AND METHODS 


Toxins. (a) Tetanus: the preparation was obtained from filtrates of cultures of Cl. tetani grown | 
on the medium of Mueller & Miller (1947). Partial purification was effected by precipitation at 
- 5° C with 40% methanol (Pillemer, Wittler, Burrell & Grossberg, 1948). At doses of 0-4 mg/kg, \ 
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intravenous injections of saline solutions of this toxin killed adult rabbits in about 24 hr. According 
to Ipsen (1941), such amounts would contain about 25 rabbit LD,, doses. (b) Botulinum: this 
toxin was made from cultures of Type A organisms, and was obtained from the Ministry of Supply 
Experimental Station, Porton, as a 66% glycerinated fluid that contained 5 x 10* mouse intra- 
peritoneal LD,,/ml. The toxin was stored in the dark at 0-5° C, and was diluted immediately 
before use. 

Antitozina. (a) Tetanus : the preparation used was Wellcome Tetanus Antitoxin (enzyme refined 
globulins) containing 1500 i.u./ml. (b) Botulinum : this antitoxin was obtained from the Ministry 
of Supply Experimental Station as dried unfractionated horse serum which when re-cunstituted 
with sterile water gave a solution that contained the equivalent of 4 x 10° mouse LD,)/ml. This 
solution was kept at - 20°C, in 2 ml. vials, which were thawed and diluted with saline when 
needed. 

' Animals. Albino rabbits of 2-3kg, bred from the same stock, were used. 

Operative procedures. Surgical approaches and injections of toxins and antitoxins were made 
aseptically under general anaesthesia obtained with intravenous soluble pentobarbitone (‘ veteri- 
nary nembutal’ 25 mg/kg) supplemented by open ether. Inoculations into the medulla oblongata 
were made after incising the skin at the back of the neok, separating the underlying muscles and 
dividing transversely the occipito-atlantoid membrane and meninges. The escaping 0.s.f. was 
absorbed with gauze, and the toxin injections were made into the dorsum of the medulla just 
lateral to the obex. A total volume of 0-01 ml. was injected, at one or two sites, ata depth of 
2-3 mm, with the aid of a fine glass capillary needle whose outside diameter did not exceed 0-2 mm. 
Because it was not possible to dissolve the full dose of the tetanus toxin used for the intravenous 
inoculations in this small volume of saline, the dose of this toxin used for the intramedullary 
injections was reduced to 0-04 mg/kg. That the above inoculation technique entailed no serious 
mechanical damage to the medulla is shown by the absence of signs of immediate injury and by 
the subsequent apparently complete recovery after contro! injections at the same site of the same 
volume of an over-neutralized toxin-antitoxin mixture. At the end of the operation, the skin 
margins were sutured with fine silk thread. 


RESULTS 


The comparative lethal effects of tetanus and botulinum toxins when 
injected into the blood stream and into the medulla oblongata 

As a result of their prior assay, the dosages of the botulinum and tetanus 

toxins were so adjusted that when given intravenously they both killed rabbits 

in about 24 hr (see Table 1). When only one-tenth of this dose of tetanus toxin 

was injected into the medulla oblongata, however, the inoculation proved 


TaB_e 1. The periods of survival of rabbits injected with botulinum and tetanus toxins 
(a) intravenously, and (b) into the medulla oblongata 
Botulinum 


Tetanus 
f Dose/ Survival Dose/ Survival 
Route (mouse ) (hr) (rabbit (hr) 
Intravenous 250 25 25 33 
250 22 25 18 
250 22 25 19 
Mean 23 23 
Intramedullar 250 46 2:5 5 
250 54 2-5. 8 
250 73 2-5 7 
Mean _ 58 — 7 
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lethal much more rapidly: The rabbits so injected showed a distinctive 
syndrome which differed from that seen after intravenous injection: they 
began to show restlessness and hypersensitivity of the skin of the head 2-3 hr 
after the inoculation, and died with convulsions 3-4 hr later. The course of the 
intoxication after the intramedullary injection of the tetanus toxin, even in 
this much reduced dosage, was thus far more rapid than that following in- 
travenous inoculation. 

On the other hand, when the full intravenous dose of botulinum toxin was 
injected into the medulla oblongata, the rabbits survived for a mean period 
of 58 hr, and eventually succumbed with signs of generalized skeletal muscular 
paralysis. This began with weakness of the extensor muscles of the neck, 
apparently as a result of leakage of toxin-contaminated c.s.f. into the wound, 
but ultimately involved all the skeletal muscles to produce a syndrome in- 
distinguishable from that seen after an intravenous inoculation. 


The comparative lethal effects of botulinum toxin when injected into the blood 
stream and into the medulla oblongata of rabbits that were partly protected 
by antitoxin 

By the administration of specific antitoxin very shortly after the toxin, 
it was possible to dissociate more adequately any possible injury that might 
have resulted from the action of the botulinum toxin on the centres in the 
medulla from its well-known paralysing effect at skeletal myoneural junctions, 
because such unfixed toxin as escaped gradually from the brain stem was 
effectively neutralized in the blood before it could reach the vulnerable motor 
nerve endings and kill the animals prematurely from the consequent respira- 
tory failure. In the experiment whose results are given in Table 2, four rabbits 


TaBLE 2, The periods of survival (in hours) of rabbits injected with 250 mouse of 
botulinum toxin (a) (6) into the medulla por ke 


In addition, about 30 min after the injection of the toxin, each rabbit received an intravenous 
dose of botulinum antitoxin equivalent to 200 mouse LD,, of the toxin per kg. 


Route of injection 
Intravenous Intramedullar 
24 168 (killed) 
of 168 (killed) 
26 168 (killed) 


were given 250 mouse LD,, per kg doses of toxin into the blood stream and 
four more the same dose into the medulla: in addition all eight received intra- 
venously a dose of specific antitoxin that was equivalent to 200 mouse LD5o 
of the toxin per kg. The survival periods of the animals in the two groups were 
grossly different, for whereas with those given the toxin intravenously all, as 
in the former experiment, died about 24 hr later, only one of those that received 
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itin the medulla oblongata survived for less than 7 days. The remaining three 
in'this group only showed local paresis of their neck muscles and were killed 
after 7 days—a period that would have amply sufficed for the appearance of 
any signs of medullary intoxication should the centres there have been injured 
by the high local concentration of the toxin. 


The intraneural injection of botulinum toxin into the sciatic nerve trunk 

When tetanus toxin is injected into the sciatic nerve trunk of rabbits it 
travels up the nerve to intoxicate the corresponding segments of the spinal 
cord, and later spreads to higher levels. This intoxication occurs even if 
relatively large doses of antitoxin are given intravenously several hours 
beforehand (Wright, Morgan & Payling Wright, 1951). In a few exploratory 
experiments, botulinum antitoxin (200,000 mouse LD,, equivalents) and 2 hr 
later botulinum toxin (625-7500 mouse LD,,) were similarly injected into the 
blood stream and sciatic nerve trunk respectively. In none of the rabbits that 
received botulinum toxin did any abnormality of either a spastic or paralytic 
nature develop. These results are compatible with the findings after the medulla 
oblongata inoculations, that botulinum toxin has no central action comparable 
with that of tetanus toxin; indeed, to judge from the indefinite survival of the 
_ present animals, it probably has no central action at all. 


DISCUSSION 


Were botulinum toxin to exert any effect on neural activity in the central 
nervous system comparable with that of tetanus toxin, every opportunity for 
its display would seem to be afforded by its injection into the mixed group of 
centres present in the medulla oblongata. The absence of any sign of local 
overactivity, or indeed of any recognizable effect, after a focal inoculation of 
botulinum toxin into the medulla is in sharp contrast to the rapid onset of 
restlessness, culminating in convulsions and death, that follows so typically 
a similarly sited, though relatively smaller, injection of tetanus toxin. At no 
stage do rabbits that receive botulinum toxin present any signs of central 
irritation: when death takes place, it is associated with, and apparently results 
from, a progressive paralysis of the entire skeletal musculature brought about 
by the slow escape of the toxin from the brain stem into the blood. These 
results agree with those found by Legroux, Levaditi & Jéramec (1945) to 
follow the intracerebral inoculation of botulinum toxin Type B. 

It seems relevant to conclude with a summary of the known similarities and 
differences in the sites and modes of action of botulinum and tetanus toxins. 
At present, the only structure that is known to be similarly affected by both is 
the sphincter pupillae of the rabbit’s eye, and this cholinergically innervated 
muscle may well form a connecting link for clarifying their respective modes 
of action. In other respects, the sites of operation of the two toxins are wholly 
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different. Since the work of Dickson & Shevky (1923a, 6) botulinum toxin 
has been known to paralyse structures supplied with cholinergic nerves, 
namely, skeletal muscles and organs under the control of cholinergic com- 
ponents of both divisions of the autonomic nervous system. Their findings 
have been confirmed and extended by Ambache (1949). On the other hand, 
as the present study shows, this toxin has no action on neural elements in the 
central nervous system. Conversely, tetanus toxin is no longer believed to 
affect the myoneural junctions in-skeletal muscles, but to cause its charac- 
teristic spasticity solely through its action on structures in the spinal cord or 
brain stem (Wright, Morgan & Payling Wright, 1950, 1952). 

As regards their modes of action, there is evidence that the two toxins 
possess a greater similarity. In their work on the action of tetanus toxin on 
the rabbit’s eye, Ambache et al. (19485) found a marked reduction in the 
amount of acetylcholine recoverable from the iris and aqueous humour after 
intoxication, and suggested that the main action of this toxin might be to 
impair the formation and release of this transmitting agent. The close similarity 
of the effects of botulinum toxin on the rabbit’s iris, subsequently described by 
Ambache, encourages the belief that the main action of this toxin, too, is on 
the synthesis and liberation of acetylcholine. Stronger direct support, how- 
ever, comes from the finding by Burgen, Dickens & Zatman (1949) that the 
poisoning of a rat phrenic nerve-diaphragm preparation with botulinum toxin 
in vitro is followed by a paralysis in which the output of acetylcholine on nerve 
stimulation is greatly reduced. In spite of the dissimilarities in their sites of 
action, therefore, there is some evidence that both these clostridial toxins 
inflict a similar biochemical lesion on the vulnerable nervous elements. 


SUMMARY 


In contrast with what has been observed in similar experiments with tetanus 
toxin, the injection of botulinum toxin Type A into the medulla oblongata and 
sciatic nerve trunks of rabbits is not followed by any local neurological 
disturbance. 


We are grateful to the Director, Dr D. W. Henderson, and to Dr J. Keppie, of the Ministry of 
Supply, Microbiological Research Department, Porton, for the gift of preparations of botulinum 
toxin and antitoxin. 
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The measurement of local effective hepatic resistance to portal 
flow in the rat. By D. H. Jonnson. Department of Pathology, Uni- 
versity of Bristol 

Using the method of internal calorimetry (Guayson, 1952), it is possible to 
measure changes in blood flow in the vicinity of a recorder implanted in the 
liver of an anaesthetized rat. After ligation of the coeliac axis it may be 
accepted for practical purposes that liver flow is representative of portal flow 
in a brief experiment (Ginsburg & Grayson, 1952). Without knowledge of the 
pressure gradient in the veins the contribution of the hepatic bed to the 
maintenance of splanchnic resistance remains undisclosed. 

A simple technique for measurement of venous pressure requires the pre- 
paration of two no. 1 serum needles with 15-20 cm lengths of polythene 
tubing fitting into the haft to serve as manometers. Through a mid-line 
abdominal incision a liver blood-flow recorder is implanted and the coeliac 
axis ligated. The first needle is introduced behind the duodenum and trans- 
verse colon and through the root of the mesentery into the inferior vena cava 
towards the orifice of the hepatic vein. The second needle is introduced in 
similar manner into the portal vein at the porta hepatis. The polythene tubing, 
curving upwards, is permitted to lie against a convenient vertical support. 
Blood flows through the needles up into the manometers. A further tube, fine 
enough to pass inside the polythene manometers, is used to fill them with 
heparinized saline down to the level of the blood. This tube is withdrawn and 
the blood-saline interface retreats as the saline meniscus subsides to find its 
own level above the heart, giving a measure of pressure within the vessel. 
A rise in the levels in response to pressure on the thorax is accepted as evidence 
that the needle is unobstructed. If 4 rise in venous pressure, accompanied by 
reappearance of blood in the polythene tube, occurs, more saline is introduced. 

There igm@Svidence that the presence of the needles in the veins obstructs 
the lood. The difference in pressures divided by the flow is a measure 
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of effective hepatic resistance in the activity of the recorder to flow through 
the portal vein. Since the measurement of flow in the liver is purely local it is 
not possible to express this resistance in absolute units. 
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The standardization of recorders used in internal calorimetry. 
By J. Grayson and A. L. Haran. Department of Physiology, University 
of Bristol 

_ The technique of internal calorimetry (Grayson, 1952) uses a modification of 

the Gibbs heated thermocouple (Gibbs, 1933). The construction of recorders 

with constantan heater filaments (Grayson, 1952) is illustrated in Fig. 1. 

Recently recorders with copper heater filaments and consequently higher 

calibration factors have been developed. Milliammeter scale deflexions pro- 

duced by given changes in thermal conductivity are thus greater than formerly. 

Internal calorimetry is primarily a technique for measuring thermal con- 
ductivity, and considerable accuracy is possible from its use in a purely 
physical system. Standardization of recorders is therefore carried out in inert 
media. Since ultimately blood-flow figures depend on the calibration factor 
of the instrument, its correct determination is obviously of great importance. 

Heat exchanges from the recorder are governed by the formula [*R = 4ar6k 
(where J is the heating current, R the resistance of the heater, r the radius of 
a thermodynamically equivalent sphere, 6 the temperature increment, k the 
thermal conductivity of the substance), whence /?= (F) 6k (Chester & 
Grayson, 1951). The fraction 4r/R constitutes the calibration factor, F, of 
the recorder. Its determination in our experiments has been carried out in 
vaseline and a 95°%, water-gelatin gel. Using vaseline, J? values are recorded 
over a range of @ of 3° C and the results plotted. From the graph the J? value 
for #=1° C is determined. Since the thermal conductivity of vaseline at 20° C 
is 4-4 x (L.C.T.) and F=/°K, it follows that F 10. Using the 
gel of thermal conductivity 12-6 x 10 (Grayson, 1952), F may be indepen- 
dently determined. Close agreement should be obtained. 

Readings take longer to obtain in inert media of low conductivity than in 
living tissue. Equilibration can be accelerated by overheating (2 or 3° C), 
then reducing the current until the desired values of 6 are obtained. On 
reaching apparent equilibrium, observations should be continued for several 
minutes to ensure that there is no further temperature drift. 

The difference between thermal conductivity in living and dead tissues, the 
conductivity increment, 8K, has been shown to be a linear function of blood 
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flow over normal biological ranges. The determination of dead tissue con- 
ductivity is therefore important. Such determinations at the end of an experi- 
ment present considerable technical difficulties owing to the decline in tissue 
temperature after death. These can be overcome either by placing the animal 
in a thermostatically controlled water-bath adjusted to the temperature of the 
animal at the time of death, or by allowing the animal's temperature to cool 


A B Cc D 


_ Fig. 1. Blood-flow recorders. A, ‘jig’ for construction of standard recorder. B, standard recorder, 


wires separated. C, standard recorder ready for insertion in liver. D, needle recorder. 


to that of the room. It has been found in practice that there is very little 
variation in thermal conductivity in freshly dead livers, and there is probably 
- less error from assuming mean values than from attempting a hurried 
determination. 
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A permanent cannula for intraventricular injections in cats. 
By W. Fe.ppere and 8. L. SHerwoop.* National Institute for Medical 
Research, Mill Hill, N.W.7 

The method hitherto used for intraventricular injection in conscious animals 

consisted in making a trephine hole in the skull, sewing the skin over the bone 

defect and injecting the substances, after the wound had healed, through the 
skin and brain substance. The drawbacks of this method are: (1) the injection 
is painful and the animal has to be restrained forcibly; (2) puncture of the 
ventricle has to be ascertained each time before the injection is made, whilst 


* With a Research Grant from the Middlesex Hospital. 
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the restraint of the animal continues; and (3) each injection produces fresh 
injury of brain tissue which can become excessive when the animal suddenly 
struggles. It is therefore sometimes difficult to assess the exact effect of the 
injection. By implanting a permanent cannula with a rubber diaphragm into 
the ventricle, these disadvantages are avoided. 

The figure shows a diagram of the cannula made from ‘non-toxic’ steel. 
The shaft is 8 mm long, and the butt carries two screw threads. The upper 
thread can take a cap with a stilette or a cap with a rubber diaphragm; the 
lower thread serves to screw the cannula into the skull, The threads are 
separated by about 2 mm; this part is flattened on opposing sides to permit 
manipulation with a spanner. The shaft carries at its lower end fine polythene 


‘ 


Fig. 1. Diagram of cannula for intraventricular injections, with cap carrying rubber 
diaphragm screwed on. Cap carrying stilette on the right. 


tubing, occluded at the tip to prevent scooping up of brain or blood during 
insertion. Side-holes in the tubing establish communication with the ven- 
tricular fluid. The total length of shaft with tubing is about 12 mm; the tubing 
also allows the length to be changed slightly if it becomes necessary during 
the implantation. 

For implantation of the cannula the cats are anaesthetized with pento- 
barbitone. Under aseptic conditions a parasagittal incision, 2 cm long, is made 
over the parietal bone and a hole drilled through it at a point where the inser- 
tion of the temporal muscle curves towards the midline; i.e. about 6-7 mm from 
the midline and 14-15 mm in front of the external auditory meatus. The drill is 
held at right angles to the bone so that the direction of the hole is slightly 
inclined towards the midline. The hole is tapped to provide a thread which 
fits the lower thread of the cannula. The tapping stops bleeding from the 
diploe and thus dispenses with the use of bone wax which is apt to displace 
dura and brain. The dura is punctured with a sharp needle and the cannula, 

closed with the cap carrying the stilette, is screwed into place. The cap with 
stilette is removed whilst the cannula is held in position with the spanner. If 
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the holes in the tubing communicate with the ventricle, cerebro-spinal fluid 
wells up with respiratory and pulse movements. A slow flow without such 
movements indicates communication with the subarachnoid space in a sulcus. 
If no communication with the ventricle is attained, the cannula is closed, 
gorewed a little deeper into the skull and again opened. This is repeated until 
satisfactory flow of cerebro-spinal fluid is attained. The cannula is then closed 
with the rubber cap, and the skin sutured round the cannula so that the cap 
protrudes through the skin. Kight to ten days later injections can be made with 
a hypodermic needle through the rubber cap without the cat being aware of it. 
Substances are injected in 0-2—0-3 ml. Tyrode solution, and after their effects 
have been observed the solution left in the dead space of the cannula is washed 
in by injection of 0-2-0-3 ml. Tyrode solution. Cats with this permanent 
cannula have been kept for months without any apparent ill effects. 


A fluorophotometer for the study of intra-ocular dynamics in 
the living animal. By M. E. Laneuam and K. C. Wysar. Institute 
of Ophthalmology, Judd Street, London, W.C. 1 

Since the original observation of Ehrlich (1881) that fluorescein readily 

appears in the anterior chamber of the eye after intravenous injection, 


— 


Fig. 1. Diagram of apparatus. 


° numerous workers have used this substance in studies of the nature of the 
~ blood aqueous barrier in the living animal. Recent methods applied to this 


problem are those of Amsler & Huber (1946), who observed the — 
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intensity of light ‘required to detect the presence of fluorescence, and of 
Goldmann (1949), who compared the degree of fluorescence with @ standard ; 
both techniques involve a subjective determination. An instrument which 
allows an objective assessment of the degree of fluorescence when fluorescein 
in the anterior chamber is excited by light of given intensity is illustrated in 
a fluorescent light is transmitted partly to the observer, and partly, after 
reflexion, to the cathode area of a photomultiplier tube. By the introduction 
of a diaphragm at the focal plane f, the effective area of the field of view may 
be limited as required. The output of the photomultiplier tube is recorded 
directly on a suitable galvanometer. Investigations have shown that a linear 
relationship exists between the degree of fluorescence and concentrations of 
fluorescein below 0-2 mg %. 
REFERENCES 
Amsler, M. & Huber, A. (1946), Ophthalmologica, 111, 155. 
Ehrlich, P. (1881). Dtsch. med. Wechr, 8, 21, 35, 54. 
ee, Goldmann, H. (1949). Ophthalmologica, 117, 240. 


The dilatation of the femoral artery following contraction of the 
muscles of the lower leg. By 8S. M. Hizton. 


The effect of light adaption on the size of receptive fields in the 
rabbit retina. By L. C. Tuomson. 


Further observations on collagen in the liver of the rat after 
partial hepatectomy. By Marcarer L. R. Harkness and R. D. 
Harkness. Department of Physiology, University College, London 

It has already been found that growth of collagen is slower than most other 

changes in the liver of the rat after partial hepatectomy (Harkness, 1952), and 

that even 3 weeks after operation, when in other respects the liver was ap- 
parently normal, its collagen content is only two-thirds normal. The morpho- 
logical significance of this finding could not be assessed without information 
about the distribution of collagen in the liver which is not uniform. We have 
now investigated change in collagen in rat liver after partial hepatectomy 
separating : (a) different lobes, (6) from the anterior right lobe three fractions, 

‘capsular’, ‘parenchymal’ and ‘vascular’, the latter representing the larger 

blood and bile vessels, These fractions were separated by a process of dissection 

combined with pressure through a perforated metal plate on which the larger 
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vessels remain as an intact tree. The anterior right lobe is the only one of 
g shape and size suitable for the full procedure, but the combined posterior 
Saudate and triangular lobes can be separated similarly into two fractions, 
parenchymal (pressed through the plate) and combined vascular and capsular. 
We have examined livers of rats killed 3 and 6 weeks after partial hepat- 
eetomy using the method of Neuman & Logan (1950) for estimation of collagen. 
The results for total collagen at 3 weeks were practically the same as those 
previously reported. The collagen content of the liver at 6 weeks was higher 
than at 3 weeks, but still below normal. The different lobes showed some con- 
sistent differences in relative growth both in weight and collagen. In the 
anterior right lobe we found that in normal animals the three fractions, 
parenchymal, vascular and capsular, represented on average 44, 13 and 43% 
of the total collagen of this lobe. In regenerating liver, the biggest relative 
increase was in the capsular fraction, a result which we did not expect since 
the liver becomes more rounded in shape with relatively less surface area; but 
this is possibly explained by a mild inflammatory response to the operation. 
The parenchymal fraction showed the next biggest relative increase at 3 weeks 
/ but hardly any further change between 3 and 6 weeks. However, between 
$3 and 6 weeks there was a considerable increase in the vascular fraction. 
Similar results were obtained for the combined right posterior and triangular 


lobes for the parenchymal and combined vascular and capsular fractions. 


We are indebted to the Nuffield Foundation for a grant for this work. 
REFERENCES 


+ Harkness, R. D. (1952). J. Physiol. 117, 257. 


_ Neuman, R. E. & Logan, M. A. (1950). J. biol. Chem. 186, 524. 


Collagen in the reproductive tract of the rat during pregnancy 


and lactation. By Marcaret L. R. Harkness and R. D. Harxknzss. 
Department of Physiology, University College, London 

When tissues are so treated that new formation of collagen results, the 

accummulation of collagen has generally been found to be a relatively late 

phenomenon, occurring after change in the principal cellular elements (de- 

generating nerve, Abercrombie & Johnson, 1946; cirrhotic liver, Morrione, 

1947; regenerating liver, Harkness, 1952). Thus from the morphogenetic point 


_ of view it appears that formation of the supporting tissue is dependent upon 


previous change in the functional cellular elements of the tissue concerned. 
However, it is only in the instances mentioned that collagen formation has 
been determined quantitatively in such a way as to make clear its time course 
_ of accumulation. We have now investigated changes in collagen in the repro- 
ductive tract of the rat during pregnancy and lactation using Neuman & 


~ Logan’s (1950) method for estimating collagen. We have examined the two 
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horns of the uterus, the cervix and the vagina separately. The most pronounced 
changes were found in the horns of the uterus; collagen formation in them 
followed a course similar to change in fresh empty weight; there is little if any 
change in the first half of pregnancy, but subsequently marked increase to 
a figure of the order of 5 times the normal. Thus it seems that growth of 
collagen in the uterus is more closely linked to that of the other elements of 
the tissue than in the cases previously investigated. Collagen formation in the 
uterus appears also to be reversible, since the collagen content of the uterine 
horns was found to return almost completely to normal within a week of 
parturition. The changes in the cervix were similar to those in the uterine 
horns, but smaller and more difficult to interpret with certainty because 
changes in the shape of the uterus during pregnancy make it difficult to be 
sure of detaching the cervix from the horns at the same level as in the non- 
pregnant animal. There was apparently no change in the collagen content of 
the vagina, though there was an increase in its fresh weight during pregnancy. 
We are indebted to the Nuffield Foundation for a grant for this work. 


Abercrombie, M. & Johnson, M, L. (1946). J. Neurol, 9, 113. 
Harkness, R. D. (1952). J. Physiol. 117, 257. 

Morrione, T. G. (1947). Amer. J. Path. 26, 273. : 
Neuman, R. E. & Logan, M. A. (1950). J. biol. Chem. 186, 524. 


The effect on the urine flow of the dog of intracarotid injections of 
adrenaline and acetylcholine. By V. Apranams, M. PickrorpD and 
J. A. Warr. 


Smooth muscle potentials recorded with intracellular electrodes. 


By E. Bi.srine and I. N. Hooton. Department of Pharmacology, 

University of Ozford 
The isolated longitudinal muscle of the guinea-pig intestine, the taenia coli, was 
mounted in a constant-temperature bath. When microelectrodes (Ling & 
Gerard, 1949) were inserted, potentials up to 75 mV were recorded. These 
potentials occurred instantaneously but were not maintained. Maintained 
potentials were observed in the region of 40 mV with slow fluctuations which 
could be related to pendular movement. From this level instantaneous rises 
of potential occurred also spontaneously. These were of the same order 
as those obtained by inserting the electrode and are believed to have been 


impalements of new fibres due to movement of the muscle towards the 
electrode. # | 


- 
=> 
4 
+, i 
’ 
4 
4 ‘ 
4 REFERENCES 
4 
5 
=. 


SOCIETY, 16-17 JANUARY 1953 9P 


From the isolated iris which contains muscle tissue with negligible spon- 
taneous movement, potentials of up to 87 mV were recorded. Potentials in 
the region of 60-75 mV were maintained for periods of up to 10 min. Albino 


- rabbits and guinea-pigs were chosen because the absence of pigmentation 


makes microscopic observation possible. As the connective tissue layer often 
prevented the insertion of the microelectrodes from the anterior surface, the 
iris was reversed and replaced on the lens, and both together were supported 
in a perspex cup. The electrode was thus inserted from the posterior surface. 
The average muscle potential of 140 impalements was found to be 64 mV with 


a standard deviation of +9 mV. 


REFERENCE 
Ling, G. & Gerard, R. W. (1949). J. cell. comp. Physiol. 34, 383, 


Frequency response characteristics of single units in the 


trapezoid body. By 8. Himati and I. C. Wairrietp. Physiology 
Department, University of Birmingham 
In the course of experiments to investigate the nature of the activity in single 
units of the auditory system at the trapezoid body level in cats (Hilali & 
Whitfield, 1952), we have determined the threshold/frequency response curves 


1000 2000 

Frequency (c/s) 

Fig. 1. Response curves of three typical units. 


of such units. The great majority of the units which have been found have 
a response curve such that there is a well-defined ‘characteristic frequency’ at 
which the threshold is lowest, with a progressively raised threshold for 
frequencies above or below this value. Such units have been found with 
characteristic frequencies ranging from 800 to 17,000 c/s, and the curves 
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obtained are essentially similar in form to those found by Galambos & Davis 
(1943) at the afferent side of the cochlear nucleus, and by Gross & Thurlow 
(1951) and Galambos (1952) at the level of the medial geniculate body. We 
have, however, found a few units which respond to frequencies as low as we 
have been able to employ (100 c/s), and these appear to behave in a rather 
different manner in that their threshold is almost uniform from the lowest 
frequencies tested up to about 600 c/s and then begins to rise fairly sharply. 
Comparatively few of these ‘low frequency’ units have been found, but those 
from which records have been made have all behaved in the manner described 
and none has been found with a definite characteristic frequency in this region. 
It is not yet possible to say whether there is a discontinuity at some point in 
the family of response curves, or whether, as seems likely, there exists a con- 
tinuous gradation of form between the two types of curve, in units so far 
undetected. 


This work has been aided by a grant from the Royal Society. 


Galambos, R. (1952). J. Neurophysiol. 15, 381. 

Galamboe, R. & Davis, H. (1943). J. Neurophysiol. 6, 39. 

Gross, N. B. & Thurlow, W. R. (1951). J. Neurophysiol. 14, 409. 
Hilali, 8. & Whitfield, I. C. (1952). J. Physiol. 117, 62 P. 


Alveolar carbon dioxide tension during sleep. By J. N. Mus. 
Department of Physiology, University of Manchester 


The various published claims that alveolar CO, tension is high during sleep 
are mostly based upon determinations at night. Two curves published by 
Cohen & Dodds (1924) show, however, a nocturnal rise in subjects who did 
not sleep. Similar sets of determinations on five subjects awake throughout 
the night, either recumbent or doing laboratory work, have shown such a rise 
in all except one. When samples were taken from subjects sleeping inter- 
mittently during the night, those collected during sleep, by an automatic end- 
tidal sampler or by suction applied to the mouthpiece, showed tensions no 
higher than those collected when the subject was awake. Sleep during the 
afternoon, sometimes aided by hexobarbitone, likewise caused no rise of 
tension. 

It appears that sleep per se does not affect the alveolar CO, tension, which 
is elevated by night whether the subject sleeps or not. 


REFERENCE 
Cohen, I. & Dodds, E. C, (1924). J. Physiol. 59, 259. 


| 
$ 
4 
4 
+ 
| 
Pell 
4 
v 
j 
2 
> 
y 


SOCIETY, 16-17 JANUARY 1953 1lP 


The secretion of urea by the kidney of the laboratory rat. By 
H. Sosnowick. Department of Physiology, University of Bristol - 


Rats given standard doses of water showed a urea/inulin clearance ratio above 


» unity, but sporadically and only whilst the diuresis was increasing. Thus 


éxaltation of urea clearance, described in dogs (Shannon, 1936) and in man 
(Chasis & Smith, 1938), occurs also in rats. When, additionally, urea was 
injected subcutaneously, the clearance ratio at times was about or above 
unity, even although the diuresis had steadied or was lessening. If, further, 
10% glucose solution was given instead of water, the ratio very frequently 
exceeded unity. The results are summarized in the table. 


No. of rate showing urea/inulin clearance 
ratio 

<l 

is Administration of During steadyor During steady or 

group “Water Glucose Urea diuresis diuresis diuresis diuresis 
33 + 0 0 1 eo; 8 0 24 
34 + 0 + l 6 l 4(a) 22 
14 0 + Se 0 3 2 8(b) 1 


(a) Ratios under 1°5 (1 rat); 1-5 and over (3 rats). (6) Under 1-5 (2 rats); 1-5 and over (6 rate). 


Urea formation by the kidney is unknown, nor is there unequivocal evidence 
that the inulin clearance is unreliable for estimating glomerular filtration rate. 
It is therefore suggested that urea may be secreted by the rat tubule. Schmidt- 
Nielsen (1952) recently reported this phenomenon in desert rats (Dipodomys). 
It is possible that urea, like potassium, is reabsorbed at one site, and secreted 
at another, but the frequency of a clearance ratio of about unity when plasma 
urea levels are high, suggests rather that the back-diffusion of urea is here 
reduced to zero. The above-unity ratios in the presence of a heavy glucose load 
suggest that the reabsorption of glucose may facilitate the outward passage 
of urea. 


Part of the expenses of this work were defrayed by a grant from the Medical Research Council. 
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Intraventricular injections of acetylcholine and of 5-hydroxy- 
tryptamine (serotonin) into the conscious Cat. By W. FELDBERG 
and 8. L. SHERwoop.* National Institute for Medical Research, Mill Hill, 


N.W.7 


The experiments were performed on cats with a cannula implanted in the right 
lateral ventricle in an aseptic operation under general anaesthesia (Feldberg 
& Sherwood, 1953). Injections, in a volume of 0-2-0:3 ml., were started 
8-10 days later and usually given twice weekly. 

Acetylcholine. 10-20 wg produced within a few seconds a condition resembling 
an akinetic seizure, associated with an initial short, high-pitched expiratory 
phonation and with retching movements, licking, and twitching of the 
whiskers, whilst the cat was sitting down in an otherwise immobile, 
dazed state; it remained so for a few minutes. Subsequently it recovered 
some mobility, but remained more or less stuporous, confused, drowsy or 
subdued for a number of hours. With 1 yg acetylcholine the early symptoms 
were less pronounced and the stuporous or subdued condition was of shorter 
duration. With 0-1-0-2 yg an effect was not regularly obtained, but a 
stuporous and subdued condition often came on, and lasted for 15-30 min. 
In many instances the cats defaecated shortly after the injections of 
acetylcholine. The condition of stupor, confusion, drowsiness or depression 
resembled that described by Silver & Morton (1936), Bornstein (1946) arid 
McCulloch, Ridley & Sherwood (1952) after intraventricular injection of 
acetylchdline in cats. Real sleep, however, as described by Dikshit (1935), 
was not observed. 

5-Hydroaxytryptamine. 10 pg had no detectable effect. 100-200 ug produced, 
after a latency of about 6-8 min, a pronounced tendency of the cat to sit or 
lie down, When turned on its back the cat did not resist and could be kept 
lying on its back without struggling. When made to stand the cat sat or lay 
down as soon as it was left alone; when induced to walk it did so in a hesitant 
and clumsy manner and tumbled easily when pushed. The cat was not sleepy 
or drowsy, the eyelids were wide open and blinking movements were rare. 


We should like to express our thanks to Dr R. K. Richards of Abbott Laboratories, Chicago, for 
the supply of 5-hydroxytryptamine creatinine sulphate. 


* With a Research Grant from the Middlesex Hospital. 
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" Sodium chloride and cardiac muscle. By R. J. 8, McDowau and 


A. F. Zavat. Department of Physiology, King’s College, London 
The rat ventricle preparation in Krebs’s solution is convenient for the study 
of mammaliam cardiac muscle (McDowall & Zayat, 1952), but shows some 
unusual features. 

If stimulated rhythmically, it is found that the strength of its contractions 

is a function of the frequency of stimulation. Thus if stimulated at 40 per min, 
contraction height is only half that of stimulation at 4 per min, which produces 
& maximum response. A short rest from more rapid rates causes a temporary 
recovery of the response. The diminution of the response with increased 
frequencies occurs whether a square wave stimulus or a simple break shock is 
used. 
If, however, the sodium chloride in the bath is reduced from 0-69 to 0-38 %, 
osmotic pressure being maintained by sucrose, the reduced contraction height 
with increased frequencies is very much less, and may be absent altogether 
unless high frequencies are used. As the condition of the muscle becomes 
poorer, the influence of increased frequency becomes more apparent. The 
change with low sodium does not appear to be due to any change in the con- 
ductivity of the solution affecting the strength of the stimulus, for the prepara- 
tion exhibits the all-or-none phenomenon and is not affected by changes in the 
strength of stimulus above the minimum necessary to produce contraction. 

The results appear to suggest that when the muscle is active it takes up 
sodium chloride like nerve but gets rid of it relatively slowly and therefore 
cannot contract maximally unless the sodium extrusion is made easier by 
reduction of the sodium chloride in the bath. 


REFERENCE 
McDowall, R. J. 8. & Zayat, A, F. (1962). J. Physiol. 117, 75 P. 


The effect of amphetamine and D-lysergic acid diethylamide 
(LSD 25) on the electrical activity of the brain of the conscious 
cat. By P. B. Brapigy and J. Exxes. Department of Experimental 
Psychiatry, Medical School, Birmingham 15 


The effect of pi-amphetamine, its p- and L-isomers, and of D-lysergic acid 
diethylamide (Stoll, 1947) on the electrical activity of the brain has been 
studied in the conscious unrestrained animal, and in acute experiment. Large 
doses of pi-amphetamine (3-5 mg/kg by mouth) produced rhythms not unlike 
those seen in the normal alert animal, i.e. low amplitude, diffuse, fast (15-30 c/s) 
activity in all regions. There was also a corresponding change in behaviour, 
the animal becoming more attentive, and, in some instances, excited. The 
cortical response to rhythmic photic stimulation, recorded over the visual 
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area, was increased in amplitude at all frequencies between 2 and 25 per sec. 
The effects of p-lysergic acid diethylamide (15-25 pg/kg by mouth) on 
electrical activity and behaviour were similar to those of pL-amphetamine, 
but no change in the response to photic stimulation could be observed 
with this drug. The effects of barbiturate anaesthesia (pentobarbitone 
30 mg/kg) on the electrical activity of the brain remained unaffected by 
amphetamine when recorded at the cortical level. There was, however, some 
increase in the response to photic stimulation at the level of the lateral 
geniculate body. Large doses of p-lysergic acid diethylamide (50-100 pg/kg) 
completely abolished the electrical activity characteristic of moderate barbi- 
turate anaesthesia, though leaving the depth of anaesthesia apparently 
unaffected. 

The characteristic waxing and waning activity seen in the corticogram of 
the brain sectioned in situ at the level of the 1st cervical vertebra (Bremer, 1938) 
was abolished by intravenous amphetamine in doses of 15-3 mg/kg. This 
activity was restored by section at midbrain level in the same preparation, 
and remained unaffected by further injections of amphetamine. p-Lysergic 
acid diethylamide in doses of up to 100 ug/kg had no effect on the electrical 
activity of either of these acute preparations. 

The effects of amphetamine and p-lysergic acid diethylamide on the 
corticogram thus differ from atropine, t-hyoscyamine and physostigmine in 
their dependence upon mesencephalic or spinal connexions. Again, there is 
better correlation between electrical activity and behaviour in the case of 
amphetamine and p-lysergic acid diethylamide than there is with atropine, 
L-hyoscyamine and physostigmine. Amphetamine may act on receptors. 
The differences between the effects of v-lysergic acid diethylamide and 
amphetamine, outweigh any common features shared by these two drugs, and 
point to probable differences in their mode of action. 


Bremer, F. (1938). L’activité Gectrique de U tcorce cbrébrile, Paris; Hermann 
Magoun, H. W. (1952). Res. Publ>Ass. Nerv. Ment. Dis. 30, 480. 
Stoll, W. A. (1947). Schweiz, Arch. Neurol. Peychiat, 60, 279. 


The effect of atropine, hyoscyamine, physostigmine and 
neostigmine on the electrical activity of the brain of the 


conscious cat. By P. B. Brapizy and J. Exxes. Department of 
Experimental Psychiatry, Medical School, Birmingham \5 
Electrical activity from the lateral, sigmoid, ectosylvian and suprasylvian 
nuclei has been recorded in the conscious unrestrained eat, using an implanted 
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electrode technique, The animala were kept in a soundproof observation chamber 
during the experiments, The normal patterns of the waking and sleeping atate 
have been studied, and the effecta of arousal (the ‘alerting reaponae', Rhein- 
berger & Jasper, 1997) observed (Fig, 14), Large doses (2-1 mg/kg i.p.) of 
atropine sulphate produced high amplitude slow waves, interapersed by burate 
of fast activity. In general appearance, these changes resembled the patterns 
characteriatic of aleep. They did, however, differ from the latter in their failure 
to show a cortical ‘alerting reaponae’ to aenaory stimuli, although the animal 
could, in fact, be roused, The effects of L-hyoscyamine were similar to those 
of atropine, but the corresponding dose waa lower (1-9 mg/kg) (Fig, 1A). 


A 
N. hypothalamicus 
—Aroured 
_ Normal eat t 


‘mg /kg tchyeseyamine 0:5 mg /kg physostigmine 
Vig. 1. The arrow 4 indicates application of sensory stimulus, (Bee text.) 


D-Hyoscyamine was ineffective in high doses, Physostigmine (05-1 mg/kg) 
abolished the slow activity produced by atropine and L-hyoseyamine (Fig, 10), 
the resultant fast activity being not unlike the normal alert pattern, Alone, 
physostigmine produced fast low amplitude activity (of the ‘alert’ type) with- 
out necessarily making the animal more alert, Neostigmine showed no effect 
on the electrical activity of the brain ip doses which produced marked 
peripheral effects, 

Simultaneous recordings of blood pressure and electrocortical activity in 
acute preparations have shown the cortical electrical activity to he unrelated 
to the transient changes in blood pressure produced by these drugs, In such 
experiments, physostigmine abolished the sleep-like, slow cortical activity 
produced by high spinal section, or section at the level of the superior colliculus, 

These findings serve to confirm the central effects of atropine and physo- 
stigmine (Feldberg, 1951; Funderburk & Case, 1951), 
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Occurrence of an unidentified substance during anaphylactic 
shock in cavy lung. By W. E. Brocxtenurst.* Department of 
Pharmacology, University College, London 

Kellaway & Trethewie (1940) have shown that the perfusate from guinea-pig 

lungs during anaphylactic shock produces contractions of the guinea-pig ileum 

which differ from those characteristic of histamine. The main discrepancy was 
the very slow relaxation of the gut after the perfusate had been washed from 
the bath, and this was attributed to a ‘slow-reacting substance’. 

In the present experiments, the effects of other substances were differen- 
tiated from histamine by testing the perfusate in the presence of antihistamine 
drugs, and it has further been shown that the activity is not due to 5-hydroxy- 
tryptamine, bradykinin (Rocha e Silva, Beraldo & Rosenfeld, 1949) or 
‘substance P’ (von Euler & Gaddum, 1931). R 

The isolated lungs from guinea-pigs strongly sensitized to ovalbumen, were 
perfused through the arterial tree with Tyrode solution containing the antigen. 
The perfusate was assayed against histamine on the guinea-pig ileum. When 
mepyramine 10~-* m was added to the bath, the response to standard doses of 
histamine was abolished, but the perfusate retained a proportion of its activity, 
causing a sustained slow contraction. If the perfusate is collected in fractions, 
it is found that those immediately following the onset of shock contain mainly 
histamine, whilst the activity of later ones becomes increasingly due to another 
substance. The perfusate was inactive in the presence of mepyramine and 
atropine on the cats’ blood pressure, rabbits’ blood pressure, rat uterus, and 
bronchial and tracheal muscles of guinea-pig, cat, dog and rabbit. It was 
active on guinea-pig ileum and human bronchioles. The table shows how the 
action of the perfusate varies from that of the three substances regarded as 
most likely to be present in it: the responses are those to doses which were 
equiactive on the cavy ileum in the presence of mepyramine 10-* m and 
atropine 10~* m. 


Taste 
5-Hydroxytryptamine Substance P Bradykinin Perfusate 
Cavy terminal ileum Contracts Contracts Contracts Contracts 
Rabbit mean carotid Depreseed Depressed strongly Depressed Nil 
Cat tracheal Contracts strongly Nil Nil 
Relaxes Nil Nil 


5-Hydroxytryptamine causes a slight relaxation of the human bronchioles 
and a powerful contraction of the cats’ tracheal muscle, whereas the perfusate 
contracts the human bronchial chain but has no effect on the cat tracheal strip. 
Substance P and bradykinin depress the rabbits’ mean arterial pressure 
whereas the perfusate produces no effect. 


* Sharpey Scholar. 
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The activity is rapidly lost from solutions, but a stable reference sample has 
been prepared by freeze-drying. 


von Euler, U. 8. & Gaddum, J, H. (1931). J. Physiol. 72, 74. 
Kellaway, C. H. & Trethewie, E. R. (1940). Quart. J. exp. Physiol, 30, 121. 
Rocha e Silva, M., Beraldo, W. T. & Rosenfeld, G. (1949). Amer. J. Physiol. 156, 261. 


Sprouting of cortical nerve fibres following skin homografts 
into the cerebral cortex. By L. B. Errkson and P. Giegs. University 
Laboratory of Physiology, University of Oxford 

Cajal (1928) reached the conclusion that only abortive regenerative attempts 

can be found after experimental brain lesions. - Early sprouts of cortical fibres 

disappear within the first week. On the basis of the better regenerative 
evidence, seen by Tello (1911) on implanting degenerated peripheral nerve, it 
was thought that either the Schwann cells or a biochemical influence had 

a growth promoting effect. Le Gros Clark (1942), repeating this experiment, 

in addition to grafting spinal ganglia, found little evidence for regeneration of 

intrinsic nerve fibres. Glees, Mohiuddin & Smith (1949) implanted sensory 
corpuscles into the brain, but no regeneration of the surviving end-organs was 
observed. 

We have implanted both skin and muscle grafts into the cerebral cortex of 
the rabbit. While there is only reactive degenerative change in response to the 
muscle graft, the skin graft can be successfully implanted, and epithelial cells, 
presumably from the stratum germinativum, proliferate readily into the 
surrounding tissue. 

Grafts surviving for a fortnight or more continue to produce epithelial 
proliferation into the cortex. New fibres grow towards these epithelial elements 
from bundles in the neighbourhood, while previously cut nerve fibres show 
signs of regeneration. 

The explanation of this positive result may be due to the fact that brain and 


: epidermis are of common embryonic origin. 
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Sugar tolerance and pregnancy in the rabbit. By P. L. Hokrr. 


Cortisone and placental glycogen in the rabbit. By P. L. Hokr. 


The effect of supplementary oxygen on acclimatized men at 20,000 ft. 
By L. G. C. Pues. 
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) Assay of two radioactive isotopes in blood. By 8. Row anps. 
St Mary’s Hospital Medical School, London, W.2 


' Erythrocytes labelled with a radioactive isotope have been used to study the 
state of the circulation after haemorrhage (Mukherjee & Rowlands, 1951a; 
Delorme, Mukherjee & Rowlands, 1952). If two different isotopes are used to 
label red cells, transfusions can be made both before and after haemorrhage in 
the same animal. In the method to be demonstrated, the concentration of 
erythrocytes, transfused at two different times, can be measured in a mixed 
blood sample. 

Red cells may be labelled, in vitro, with **P (Hahn & Hevesy, 1942; Mukherjee 
_ & Rowlands, 19515) or with Cr (Gray & Sterling, 1950). **P has a half-life 
of 14-3 days and emits B-rays with a maximum energy of 1-7 MeV. "Cr has 
a half-life of 26 days and decays by K-electron capture. It therefore emits the 
characteristic X-rays of vanadium (4-9 keV). Three per cent of the disintegra- 
tions are accompanied by the emission of a y-ray of energy 320 keV. The 
presence of other y-rays of very low intensity has been reported. 

A sample of dried blood containing the two isotopes is covered by an 
aluminium absorber (16 mg cm-*) and placed under a Geiger counter. The 
absorber cuts off the soft X-rays due to "Cr and the counter itself is relatively 
insensitive to the y-rays. The recorded counts are largely due to *P. The 
sample is then transferred to a scintillation counter. The luminophor is 
a crystal of sodium iodide which detects the y-rays from “Cr with high 
efficiency. A lead absorber (224 mg cm-*) excludes the f-rays from *P. The 
only contribution to the counting rate from **P is due to bremsstrahlung. 

The counting rate of a sample of **P in the scintillation counter is 1-7% 
of its counting rate in the Geiger counter, and for Cr the counting rate in the 
Geiger counter is 1-3% of its counting rate in the scintillation counter. If 
therefore G and S are the counting rates due to a mixed sample in the Geiger 
counter and scintillation counter respectively, then 


G=P+0-0130C, 
*S=C+0-017P, 
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where P is the counting rate in the Geiger counter due to the *P content and 
C is the counting rate in the scintillation counter due to the 51Cr content. 
For each blood sample G and S are measured and the equations solved for 
P and C. 
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An apparatus for recording erythrocyte volume changes in 
permeability studies. By W. F. Wippas. Department of Physiology, 
St Mary’s Hospital Medical School, London, W.2 


Changes in light transmission can be used to follow erythrocyte volume 
changes (Orskov, 1935; Parpart, 1935), and this method has been used by 
various workers in studies of the permeability of glucose and other solutes. 
When following erythrocyte volume changes in studies of slowly penetrating 
substances such as glucose, special precautions must be taken against drift 
in the measuring apparatus and against fluctuations of intensity in the light 
source. 

In the demonstration apparatus these two requirements have been met 
by using a chopper system with conventional R.C.-coupled amplification and 
by incorporating a compensating optical system. 

The principle of the apparatus is indicated in Fig. 1. Two beams of parallel 
light are formed from a single light source. One beam passes through the 
red-cell suspension and a shutter for coarse adjustment while the other passes 
through an aperture controlled by a micrometer. Subsequently the two beams 
pass through polarizing filters which are adjusted so that the planes of polariza- 
tion of the transmitted light are mutually perpendicular. The beams are then 
focused on a single vacuum photo-cell immediately in front of which is a third 
polarizing filter in a mounting which is rotated at 12} rev/sec. 

If the intensity of the two beams is identical, then the light falling on the 
photo-cell should be constant and no a.c. signal obtained. If the intensities 
differ in the two beams a sinusoidal signal proportional to the difference in 
intensity and having a frequency of 25 c/s is obtained. 

The a.c. signal is amplified by a low-frequency amplifier tuned by incor- 
_ porating a parallel T-filter in the feedback network. The output is rectified by 

a high-speed relay (Siemens 101K) synchronized with the rotating polaroid 
mounting. In this way phase-sensitive rectification is obtained. The rectified 
output is fed to a recording milliammeter (3-0-3 mA). 


P 
. 
¢ 
| 
a 
) 
f 


SOCIETY, 14 FEBRUARY 1953 21P 


_ In operation the micrometer shutter and the coarse shutter are adjusted to 
compensate for the opacity of the red-cell suspension under isotonic con- 
ditions, while the fine changes due to shrinking and swelling of the cells are 
recorded continuously on the milliammeter. The milliammeter readings are 
talibrated against micrometer readings, and a step adjustment of the micro- 
meter can be made in the course of an experiment to extend the range of 
measurement if necessary. 
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Fig. 1. Schematic diagram of apparatus, Optical parts not to scale. 


Variations in light intensity affect the amplitude of the difference signal in 
' the same proportion, and absolute errors from this cause are second-order 
quantities. By using a.c. amplification cumulative drift in the amplifier is 
avoided. Thus volume changes can be followed for 60 min or more without 
difficulty. The uncertainty due to the apparatus represents about 0-002 iso-| 
tonic volume and is smaller than fluctuations due to stirring. 


‘The author is greatly indebted to Mr P. W. Roberts of the Physics Department for discussion 
and advice on points of electronic detail in the amplifier, which in general is based on that 
described by Brown (1949). 
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Perfusion of the placenta in the sheep through the umbilical 
arteries. By D. Atexanver, A. St G. Huegert, D. A. Nixon 
and W. F. Wrppas. Department of Physiology, St Mary’s Hospital 
Medical School, London, W. 2 

The ewe, having been anaesthetized spinally, is immersed in a bath of sodium 

chloride (0-9%) at 37°C and the uterus exposed and opened, the amniotic 

sac also opened and the umbilical cord exposed. 

The umbilical arteries are dissected out of Wharton’s jelly, clamped and 
cannulated. The cannulae are connected to the outflow of a Henry Jouvelet 
pump, the inflow of which picks up heparinized blood or plasma from 
a calibrated reservoir. There are two alternative ways of completing the 
perfusion circuit from the umbilical veins: (a) back to the original reservoir 
(‘circular perfusion’), (b) to a separate receptacle (‘through perfusion’). The 
former permits measurements of equilibrium levels in maternal and foetal 
bloods. The latter permits measurement of the rate of production of materials 
entering the foetal blood from the placenta. 


Comparative histochemistry of carbohydrate in the gic waa By 
A. Faumy and A. St G. Hueeetr 


General histology of foetal tissues of the whale. By A. St G. Huccrrr 


Influence of osmosis on gut response. By Joseruine CAMPBELL, W. 
Howarp Hueues and H. C. Stewarr 


Factors influencing the effects of morphine on the ascorbic acid 
content of the rat’s adrenal glands. By P. A. Nasmyru 


The renal response to a head-down position. By Josern H. Corr 


The renal responses to acidosis in infant puppies. By Josep H. 
Cort and R. A. McCance 
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The restoration of cardiac hypertrophy and blood pressure in 
hypophysectomized rats with large doses of ‘LAP’ or growth 
hormone. By Marcaret BeznAx. Department of Physiology, University 
of Birmingham 

Hajdu & Beznék (1945) found that the increase of cardiac weight and rise 

of blood pressure taking place in normal rats on narrowing their aortae, does 

not ensue in hypophysectomized rats. Treatment (per rat per day) with 0-1 

and 0-5 mg growth hormone, Armour, 0-5 and 1 mg ACTH (Beznék, 1952a, 6), 

Img DOCA, 5 mg cortisone alone or in combination with 0-5 mg growth 

hormone (unpublished results) did not restore the low cardiac weight-and 

blood pressure of hypophysectomized rats or the response to constriction. 

Rats were treated with lyophilized beef anterior pituitary (LAP) and a growth 

hormone preparation (GH-3, Armour, 40%, in terms of ARMOUR Standard). 

In hypophysectomized rats receiving 10-25 mg of preparation GH-3 (4-10 mg 

growth hormone) or 25-50 mg LAP per rat per day, the weight increase of 

the heart and (except with 50 mg LAP) the rise of blood pressure on aortic 
constriction were of the same order as those in normal rats. With small doses 
of LAP, the effect was less marked. 25 mg GH-3 and 50 mg LAP also prevented 
the cardiac atrophy taking place in hypophysectomized rats (without aortic 
narrowing) and restored their blood pressure to approximately normal levels. 
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The influence of the volume of a test meal on gastric emptying. 


By J. N. Hunt and I. MacponaLp 


Kinetics of glucose transfer across the human erythrocyte 


membrane. By W. F. Wippas. Department of Physiology, St Mary’s 
Hospital Medical School, London, W. 2 


Using a photoelectric method (Widdas, 1953) to follow volume changes in 
red-cell suspensions, measurements have been made on the rate of penetration 
of glucose, fructose and sorbose. The findings of LeFevre (1948) that volume 
changes of erythrocytes in glucose solutions of different molarities do not fit 
equations based on diffusion, have been confirmed. Studies of erythrocytes 
in fructose and sorbose solutions show that, while the process of entry is much 


_ slower than for glucose in solutions of equal molarity, the volume changes 


satisfactorily fit equations based on diffusion, confirming qualitative observa- 
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That the process is not one of simple diffusion, however, is suggested by the 
fact that inositol, of like empirical formula and molecular weight, does not 
enter the red cell under similar conditions. In addition, the entry of fructose 
and sorbose is markedly retarded if glucose is also present. 

If it be assumed that ketoses use the same ‘carriers’ as glucose, as suggested 
by LeFevre & Davies, the experimental findings can be treated quantitatively 
on the basis of kinetics previously described (Widdas, 1952) to find the 
equilibrium constant of the ‘carriers’ reacting with glucose at the cell surface. 

Where k is the apparent permeation constant for a ketose, measured under 
conditions of competition with glucose, theory predicts that 1/k should vary 
linearly with glucose concentration. In a plot of 1/k against glucose con- 
centration the quotient intercept/slope gives the equilibrium constant for the 
carriers reacting with glucose. Preliminary results employing this method 
suggest the value of this constant to be about 0-01 molar at 37° C, pH 7-4. 
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Blood flow changes in the feet in anterior poliomyelitis. By 
A. W. L. and A. McPuerson. Department of Physiology, St Mary’ s 


Hospital Medical School and Institute of Orthopaedics, London, W. 2 


Certain symptoms occurring both in the acute and chronic stages of anterior 
poliomyelitis have been said to be due to lesions of the autonomic nervous 
system (Dodel & Duchene-Marullaz, 1944; Lundbaek, 1943). Pathological 
changes in the hypothalamus, the intermedio-lateral cell columns of the spinal 
cord and the autonomic ganglia have been described in post-mortem specimens 
(Bodian & Howe, 1947; Faber & Silverburg, 1946). Functional disturbance of 
the autonomic nervous system has, however, never been experimentally 
demonstrated by satisfactory techniques. 

The present investigation consists of an examination of vasomotor reflexes 
of the feet by means of venous occlusion plethysmography in a thermo- 
statically controlled room using a recording technique similar to that described 
by Cooper & Kerslake (1951). 

Patients were selected whose paralysis was almost completely confined to 
the lower extremities and whose paralysis showed a difference between 
one lower limb and the other. The period since the onset of the disease and the 
time of investigation varied from 2 months to 5 years. 


fy 
J 
, 
We! 
“ 
i= 
at 
a 
an 


SOCIETY, 14 FEBRUARY 1953 25 P 
The room temperature varied from 22 to 26° C in different experiments but 
was maintained constant to +0-5°C during the examination of any one 


particular patient. The range of temperatures of the water in the plethysmo- 
graphs was from 30 to 34° C but did not change by more than 0-25° C in any 


one investigation, and the plethysmographs on the right and left feet did not 
differ by more than 0-5° C. 
TaB.e 1. Differences in blood flows (R. foot —L. foot) (average 15 to 20 flows) 


No. of differences ex i 
3 ml./100 ml./min 


After warming At rest After warming 


ml./100 ml./min 
Subjects "At rest 


Volunteers (12) -08 to +11 ~24 to +24 0 out of 12 0 out of 12 
Patients (16) ~31 to +26 -14-4 to +35 1 out of 16 7 out of 16 


Immediately before investigation each patient was rested and both lower 
limbs were immersed for 30 min at 36° C in a treatment pool. 

Blood flows were recorded using occlusion pressures of 80 mm of mercury, 
at intervals of approximately 10 sec and from 15 to 20 flows were measured in 
both feet simultaneously, (a) with the patient at rest and (b) 20 to 30 min after 
both forearms and hands were immersed in water at 45° C. 

In six of the seven patients who showed differences of more than 3 ml./100 ml./ 
min, the lower blood flow was in the foot of the more paralysed limb. 
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Comparative study on the response of male European tree- 
frogs (Hyla arborea form typica) to chorionic gonadotrophin. 
By J F. D. Frazer and F. X. Wontzocen. Department of Physiology, 
St Mary’s Hospital Medical School, London, W. 2 


The spermiation-response of male tree-frogs elicited by injection of chorionic 
gonadotrophin (CG) was investigated simultaneously during spring by Frazer 
in England and by Wohlzogen & Halama (1951) in Austria. The tree-frogs 
came from sources in northern Italy (J. F.D.F.) and eastern Austria (F. X. W.). 
The experimental technique was the same in either case: 8.c. injection of 
various doses of the international standard for CG (dissolved in distilled 
water) into groups of tree-frogs, taking of urine samples 3 hr after the injection 
and noting the presence or absence of spermatozoa. 
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Statistical analysis of the data yielded the following results: 

(i) If the probit of the percentage of animals reacting in any group is plotted 
against the log dose, there is no indication of significant deviations from 
a linear dose-response relationship over a wide range of doses. 

(ii) The probit-log dose regression lines are parallel (P > 0-95); the common 
slope was calculated as b=3-88. ' 

(iii) The E.D. 50 for the tree-frogs tested in England was 1-13i.u., with 
fiducial limits of error (P=0-05) 0-96-1-29i.u., and in Austria 0-82 i.u., 
fiducial limits (P = 0-05) 0-72-0-94 i.u. 

The conclusions are therefore: in both tree-frog populations the logarithms 
of the individual threshold doses are normally distributed with the same 
standard deviation; the difference between the means, however, is statistically 
significant (P < 0-01). 
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In vitro studies on the permeability of the amniotic membrane 
of the sheep to fructose, glucose and inositol. By D. PauLine 
ALEXANDER and D. A. Nixon. Department of Physiology, St Mary’s 
Hospital Medical School, London, W. 2 


Various workers have performed in vivo experiments in different species on 
the passage of material between the amniotic fluid and maternal blood. These 
experiments did not preclude the possible passage of material via either the 
placenta or the foetal kidney. 

The present communication is a report of a few observations on the perme- 
ability in vitro of the amniotic membrane of the sheep to fructose, glucose and 
inositol. 

Samples of the membrane were removed following caesarian section and 
placed in between two halves of a cell which were then bolted together. 
A saline solution was placed on either side of the membrane and aerated. The 
cell was maintained in a water-bath at 37°C. Under these experimental 
conditions the membrane appears to be viable for about 3 hr. The substances 
under investigation were dissolved in saline and the quantity which crossed 
the membrane determined at intervals. 

The results indicate that there is no passage of fructose in the direction 
amnion to chorion and very little, if any, in the opposite direction. Similar 
results were obtained with glucose and inositol. | 

Permeability could always be demonstrated: after killing the membrane by 
exposure im situ to a surrounding temperature of 75° C. 
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Further investigations into the permeability of the foetal membranes are 
in progress. At present it can only be said that any passage of glucose, 
fructose or inositol across the amniotic membrane of the sheep is so low as 
to have little or no physiological significance in foetal nutrition. 


We wish to thank Dr W. F. Widdas for help in the design of the apparatus, and the Medica l 
Research Council, whose grant to Professor A. St G. Huggett defrayed some of the expense. 


The free inositol content of milk. By D. A. Nixon. Department of 
Physiology, St Mary’s Hospital Medical School, London W. 2 


In human colostrum and transitional milk samples obtained from different 
individuals considerable variation in the free inositol concentration was 
found : thus in seven samples assayed on the third day post-partum the values 
ranged from 13-0 to 51-0 mg/100 ml., while in four samples on the fourth day 
the range was from 14-4 to 33-3 mg/100 ml. The mean values for the second, 
third, fourth and fifth days were respectively 35-7, 29-9, 25-5 and 22-5mg/100 ml. 
This decline in concentration post-partum was further seen when the milk of 
individual mothers was assayed at intervals during lactation, the general 
pattern being that the concentration of free inositol diminished gradually 
post-partum from a mean concentration of some 20 mg/100 ml. on the 20th day 
to 7 mg/100 ml. on the 210th day of lactation. The values obtained are in 
agreement with the limited observations of Williams, Cheldelin & Mitchell 
(1942) who have examined milk up to the 20th day, but lower than the few 
values recorded for mature milk by Macy (1949) whose figures would indicate 
that inositol in milk is almost entirely in the free form. 

Milk samples from rat, rabbit, cat and sheep have not been sufficiently 
extensive to draw any conclusion as to whether the concentration diminishes 
post-partum in these animals and therefore only mean values in mg/100 ml. 
are given (Table 1). 


TABLE | 

Rat Rabbit Cat Sheep 
No. of observations 12 

21-2-113-6 0-6-60-0 12-0—28-0 0-2-34-6 
100 ml. 
37-9 35-5 22:9 18-4 
(mg/100 ml.) 


The concentration of free inositol in milk exceeds considerably that present 
in the blood (Nixon, 1952). No evidence is available as to whether inositol 
synthesis occurs in, or whether there is merely a selective uptake of circulatory 

inositol by mammary tissue. However, the observed decline of inositol con- 
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centration in milk as lactation proceeds occurs while there is a progressive rise 
in the daily milk volume and it is possible that the actual amount of inositol 
secreted by the mammary tissue per day is not materially changed. 

I am indebted to Dr Leslie Williams of the Obstetric Department, Dr E. W. Fenwick and 
Dr A. A. V. Smyth of the L.C.C, Maternity and Child Welfare Centres of Paddington and 
St Marylebone respectively for providing samples of human milk. My thanks are due also to 
the Medical Research Council whose grant to Prof. A. St G. Huggett defrayed some of the 


expenses. 
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Influence of. stimulus parameter variation upon responses in 
limb muscles to electrical activation of the cerebral cortex. By 
G. W. Camprines and B. D. Wyxe. Department of Physiology, School 
of Medicine, University of Leeds 

Review of previous observations (Wyke, 1951) provides ample evidence that 

muscular responses to electrical activation of the cerebral cortex may be 

influenced by one or more parameters of the evocative stimulus, in terms both 

of the characteristics of the muscular responses and of the cortical sectors 

from which they may be evoked. 

Systematic examination of this problem has been attempted in a series of 
over 4000 stimulations of the brains of forty-five cats anaesthetized with 
intraperitoneal and intravenous pentobarbitone sodium, using trains of rect- 
angular pulses capable of independent variation in amplitude, duration and 
frequency delivered, through a unipolar electrode resting on the exposed brain 
surface, to a single cortical focus. Myographic recordings are made of 
the responses in the muscles of one leg. Care is taken to control brain 
temperature, glucose and oxygen supply to the brain, and level of narcosis, 
the latter by electrographic monitoring of brain potentials (Wyke & Cam- 
bridge, 1953). 

If the above factors be kept constant, muscular responses may be elicited 
from a single cortical focus which remain repetitively identical for hours. 
Change in one or more stimulus characteristics produces corresponding and 
consistent changes in one or more parameters of the evoked responses. 
Appropriate choice of stimulus factors may produce either increase or decrease 
in existing muscular contraction, simultaneous contraction or relaxation in 
numbers of muscles, or contraction or relaxation of one muscle only. Finally, 
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shoice of stimulus parameters will influence the geometrical dimensions of the 
gortical sectors from which particular responses may be obtained, in the case 
of both contralateral and ipsilateral responses. 
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Partition of the venous return to the heart. By J. C. G. Cotzrmpes 
and A. HEMINGWAY 
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Measurement of intracellular pH by means of a tungsten micro- 


electrode. By P. C. Catpwei.*. Biophysics Department, University 
College, London 


A tungsten micro-electrode of about 15. diameter has been devised. This can 
be inserted into the large muscle fibres of the crab, Carcinus maenas, which are 
usually between 100 and 600, in diameter. 

The electrode potential of tungsten, in common with that of a number of 
metals, varies with pH (Baylis, 1923), and the micro-electrode can therefore 
be used for measurements of intracellular pH. This is done by inserting a 
tungsten micro-electrode and a KCl micro-electrode into the same fibre and 
then noting the change in potential between them when both are withdrawn 
into the bathing fluid. Since the pH of the bathing fluid can be determined 
with a glass electrode, that of the inside of the fibre can be calculated from the 
change in potential. 

Determinations of the pH of a muscle brei with both the glass and the 
tungsten electrodes give the same value, and it is therefore unlikely that there 
is anything inside the muscle fibres which would cause the tungsten electrode 
to give an anomalous potential. 

Twenty-eight determinations on fibres whose resting potentials lay between 
50 and 70 mV gave a mean value for the intracellular pH of 6-75 (s.p. =0-24). 
Eleven determinations of the pH of the plasma surrounding the fibres have 
given a mean value of 7-53 (s.p,=0-37). Hence it appears that in the intact 
animal the distribution of hydrogen ions between the cell and plasma 
approaches that predicted by the Donnan equilibrium expression. 

The actual demonstration will show the potential changes which are observed 
when the electrode is inserted into fibres which have been depolarized by 
being bathed in an alkaline potassium phosphate solution. 


* LC.I. Research Fellow. 


REFERENCE 
Baylis, J. R. (1923). J. industr. Engng Chem. 15, 852. 


j 
wa 
4 
; 
4 
| 
al 
i 
5 


82 P PROCEEDINGS OF THE PHYSIOLOGICAL 


Counting of microscopic particles. By D. J. Cavsiey, G. O. Norris, 
F. Rozperts and J. Z. Youne 


Statistical aspects of transmission at a single nerve-muscle 
junction. By J. pet Castit1o and B. Karz. Biophysics Department, 
University College, London 

Evidence has recently been presented that the end-plate potential (e.p.p.) at 

a single nerve-muscle junction is made up of sub-units of measurable size, the 

‘miniature e.p.p.’s’ (Fatt & Katz, 1952). Individual miniature potentials 

occur spontaneously at random intervals; a motor nerve impulse leads to 

a synchronized discharge of a large number of these components. 

Certain agents produce neuromuscular block by diminishing the number 
rather than the amplitude of the individual components which make up the 
e.p.p. Among these agents are notably lack of calcium and excess of 
magnesium. With a suitably adjusted ratio of Mg/Ca concentrations the 
average number of sub-units, responding to each nerve impulse at a single 
junction, can be reduced to less than one. The amplitudes of successive 
responses are then found to vary discontinuously, between zero and one or 
more miniature e.p.p.’s, and to be distributed in accordance with a Poisson 
series. 

Various other synaptic processes may be of a ‘statistical’ nature; for 
example, there is evidence suggesting that facilitation (i.e. the second of two 


e.p.p.’s being larger than the first) depends upon a larger average number of — 


sub-units responding to the second of two nerve impulses. 


REFERENCE 
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The pairing of chromosomes in mitotic anaphase. By Jerrrry Boss.* 
Strangeways Research Laboratory, Cambridge 

Newt fibroblasts were cultivated in vitro and observed alive by phase-contrast 

microscopy, a8 previously described (Boss, 1953). 

During anaphase there was an approximate halving of the apparent number 
of chromosomes. This was found in tissue cultures mounted whole, and was 
confirmed after being crushed to make a ‘squash’ preparation. Chromosome 
counts are most easily made with unsquashed whole mounts of tadpole tail- 
tips. Dr Fischberg, of Oxford, kindly put at my disposal his collection of 
newt tadpole tail-tips, many of them heteroploid. Counts made on these are 
summarized in Table 1, in which the approximate halving of the apparent 


chromosome number is evident. This halving was assumed, in the first place, 
to be due to chromosome pairing. : 


° Present address: Department of Anatomy, Middlesex Hospital, London, W.1. 
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Fig. 1 shows part of an anaphase group in a squashed newt fibroblast in 
tissue culture. There is a longitudinally double structure of the chromosomes, 
which is probably due to pairing rather than splitting, since the whole of the 
group depicted contained twelve of these double chromosomes, although 
neighbouring metaphase plates contained the normal diploid number of 
twenty-four. 


The figures for haploid and triploid cells in Table 1 indicate that pairing did 
not always take place between homologous chromosomes; it may have done 
so, however, in diploid cells. If pairs of homologous chromosomes adhered 
together there should have been, in a diploid cell, an apparent haploidy, as 
a result of which an identifiable chromosome would have appeared only once. 
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In fact, in newt fibroblasts in tissue culture the secondarily constricted 
chromosome, the only one readily identified in unsquashed preparations, was 
never seen more than once in a daughter group of chromosomes after early 
anaphase. 

If chromosomes adhered longitudinally in pairs during anaphase, it should 
have been possible to see the process taking place. Fig. 2 shows a living 
fibroblast (x 1000) in anaphase; the time in minutes is indicated in each 
photograph. In the first photograph the arrows indicate two chromosomes, 
the lower of which is a little out of focus. In the second photograph the two 
chromosomes are seen parallel to each other, while the third shows an 
apparently single chromosome with a partial split. Finally, there is only what 
seems to be a single structure. 


Tasxxz 1. Thirty-eight chromosome counts from unsquashed whole mounts of tail-tips of newt 


tadpoles (T7'riturus spp.). Counts for anaphase and telophase are from single groups; two 
groups in the same mitotic figure are bracketed together. 


no. Ploidy Metaphase Anaphase Telophase 


1 2 20-25 10-15 _— 

20-25 

2 2 24 10-15 — 

ca. 24 

3 2 ca. 24 12 — 
ca, 24 ll 

4 1 12 

12 a 6 

5 1 12 6 aes 
6 

6 3 36 ca. 19 ie 
ca, 33 ca. 20 

7 3 ca. 34 ca. 18 at 
ca. 16 
8 4 ca. 45 ca. 26 

— ca. 26 

9 l ca. 12 a 6 or 7 

ca. 12 7 ca. 5 

ca. 12 4 

6 

8 


Previous workers have reported the splitting of chromosomes in telophase, 
and even anaphase, and this splitting was seen during the present studies, but 
the observations presented here suggest that there may be, in such cells, 
@ re-separation of paired chromosomes, rather than a true division. Pairing is 
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a normal event in meiosis, but in mitosis it has been seen only in metaphase 
in dipteran insects and polyploid plants; in neither form of division have the 
paired chromosomes previously been seen to touch (Darlington, 1937). 

This work was supervised by Dr Honor B. Fell, who gave continual advice and encouragement. 
Dr M. Fischberg lent the preparations, from which Table 1 is derived. This research was carried 
out during the tenure of a Medical Research Council Studentship. 
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Potentials from a Pacinian corpuscle. By J. A. B. Gray and M. Sato 


An apparatus for measuring the thermal conductivity of animal 
tissue. By H. 8. Harrietp. Medical Research Council Laboratories, 
Hampstead, London, N.W. 3 


The heat-flow meter (Hatfield, 1950) is applied to the measurement of the 
thermal conductivity of small pieces of excised tissue. A steady measured 
flow of heat (H) is sent through a small disk of tissue (thickness s), and the 
difference of temperature 7 between the two sides of the disk is measured. 
The thermal conductivity is Hs/T. 


H 
G 
E 
D 
Fig. 1. 


In the figure (sectional elevation), 4'is a circular disk of copper 1 mm thick, 
heated on its underside by resistance B. A heat-flow meter C is sealing-waxed 
to its upper surface. The tissue D rests on the meter, and is capped by a second 
meter E sealing-waxed to a circular piece of thin copper F with cooling fins 
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supported by a brass rod @ passing through a screw-clamp on a thin aluminium 
frame H. When a steady current is passed through B, a steady flow of heat 
takes place through the tissue and the two meters, by which it is measured. 
Thermojunctions are soldered to the two coppers A and F, and give the 
difference in temperature between them. 

The paper cup K carries an auxiliary resistance heater in ring form, opposing 
the flow radially of the heat flowing upwards. Its adjustment enables the two 
meters to be brought to approximately the same reading. The cup is filled with 


the two meters in contact (under oil) gives a heat-flow H, for temperature 
difference 7,. 1,/H,=R is the thermal resistance of the apparatus. This R 
multiplied by the observed heat-flow when a specimen of tissue is in the 
apparatus gives that part of the observed temperature difference which is due 
to the apparatus, and must be deducted from the same. 

Most tissue (such as human fat and muscle) cannot be cut into thin uniform 
slices at room temperature. A large piece was therefore laid on a block of 
solid CO,, and when frozen hard, slices were cut from it by a handsaw, scraped 
smooth, and punched into disks by a cork-borer. In this way the material 
suffers little mechanical deformation, and retains its shape when thawed soft 


Tasrz 


No. of 
Material tests App. I 8.D App. II 8.D 
Beef muscle: Frozen 57 0-00132 0-00047 0-00119 0-00036 
Unfrozen 39 0-00130 0-00124 0-00031 
Beet fat 6 0-000012 0-00052 0-000039 
Human muscle, frozen 62 0-00101 0-00108 0-00020 
Human fat 34 0000446 0-000059 0000507 0-000059 


in the apparatus. Comparison of beef muscle which could be sliced unfrozen, 
with the same frozen, indicated that freezing does not materially affect the 
conductivity. Table 1 summarizes the observations to date. From time to 
time the two apparatuses were checked with cycle patching rubber, a uniform 
product. The values ranged from 0-00051 to 0-00054 cal/cm sec °C. 


REFERENCE 
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Method for recording rapid changes of pressure in the human 
gut.* By D. A. W. Epwarps, A. J. Honour and E. N. Row.anps. 
Department of Clinical Research, University College Hospital Medical 
School, London 

The accurate recording of pressure and rapid changes of pressure in cavities 

of small volume requires a system in which a large change in pressure results 

in only a small change in volume, and in which the inertia of the recorder is 
* Work undertaken on behalf of the Medical Research Council. 


thick oil, which prevents evaporation of moisture. A zero observation with — 
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extremely low; Brody & Quigley (1951) discussed this problem at some length 
in relation to the measurement of pressures in the lumen of the stomach and 
duodenum. In an air-conducting system it follows from Boyle’s law that the 


volume-pressure coefficient increases as the square of the volume (= = -5) ‘ 


The volume-pressure coefficient must be small in order to avoid an artificial 
release path for the pressure being measured, and to raise the frequency 
response of the system sufficiently for the accurate measurement of large 


We have used an optical manometer consisting of an open-ended tube made 
of 1 mm bore polythene, ending in a metal capsule of 0-025 mm brass sheet. 
The capsule consists of two plates, 1 cm in diameter, concentrically grooved 
and soldered together at their edges, one plate carrying a mirror. The capsule 
has a linear response up to at least 400 cm water pressure. The tip of the tube 
is expanded to a bore of 3mm, the distal portion of which is a hollow piece of 
silver 1 cm in length. The purpose of this expanded portion is to provide a 
section of wide bore into which the contents of the cavity can be forced 
without blocking the lumen of the tube as the pressure rises, since the presence 
of fluid in the 1 mm bore tubing produces artifacts in the record. The precise 
dimensions are not important, but when the volume of the expanded portion 
is 0-17 ml. and the total length of the tube is 144 cm the system will record 
a pressure of 143 cm water before the contents of the cavity enter the 1 mm 
bore tubing. In these circumstances the total volume of the system is 1-3 ml., 
and the volume-pressure coefficient is 0-12 ml. for 100 cm water pressure. 
When a square-fronted pressure wave is applied to the tip of a tube of 144 cm 
total length, 100% deflexion is reached in 0-057 sec, 95% in 0-034 see, 90% in 
0-029 sec, and 75% in 0-018 sec. The corresponding periods for the same tube 
with a rubber membrane of the type described by Quigley, where 
hysteresis of the rubber allows the deflexion to increase for about 100 sec, are: 
95 °%, deflexion in approximately 0-6 sec, 90° in approximately 0-13 sec, and 
75% in approximately 0-018 sec. With a metal membrane and a column of 
air 1 mm diameter and 144 cm long the system is adequately damped; with 
a rubber membrane, with or without 5 cm of 23 s.w.g. tube in the circuit, as 
described by Quigley, the system is considerably more damped. Air is fed 
into the system at 7 lb./sq.in. at a rate of 6 ml./hr (n.t.p.) to prevent blocking 
of the tube. These figures are arbitrary, but the pressure should be greater 
than the maximum pressure which the system will record without blocking 
the narrow bore tubing, and the rate of feed should be the minimum required 
to keep the expanded portion of the tube empty of fluid except during sudden 
changes of pressure. This rate has been found not to alter the pressure in the 
tube or in the lumen of the gut. 

This apparatus has the advantage of simplicity without the disadvantages 
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of high cost, electronic instability, and hydrostatic problems associated with 
fluid-filled systems employing electrical pressure transducers. Although a tube 
with a tip of this size meets the physical requirements it is large enough to 
pass the pylorus and be visualized fluoroscopically without undue difficulty. 
Moreover, it is smaller and more comfortable in use than the standard rubber 
tube with balloons. 

Simultaneous records from open-ended tubes and balloons show that 
variations in pressure within the stomach, antrum and duodenum, correspond 
closely to the wave-patterns of motility registered by balloons, However, 
during barium meal examinations, when the tip of the tube was in the body of 
the stomach or proximal portion of the antrum, we have often observed 
vigorous peristaltic waves passing over the tip without producing any signifi- 
cant changes in pressure. ae 
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Effects of hydrostatic pressure on muscular contraction. By D. R. 
WILKIE 


The isolated bronchial muscle of the cat as a test object for 5- 
hydroxytryptamine. By W. E. 


Quantitative methods for measuring the actions of histamine 
releasers. By J. L. Moncar 


Some modifications of silver-silver chloride electrodes. By 

D. W. Kennarp. Pharmacological Laboratory, University College, London 

An improved form of silver-silver chloride electrode is given, and its advantages 
over the bare-wire type described. 

Some kinds of ligature silk are woven in a hollow cylindrical form. This 


material has been employed to make a versatile and simple form of silver— 
silver chloride electrode. 
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A silver wire is sealed into a glass tube by polythene, which is fused on to 
the terminal portion of the tube. The wire is then threaded through the 
appropriate size of ligature silk, so that the latter projects beyond the end of 
the wire. The coated wire may now be bent into a hook or any shape required, 
and chlorided in the usual way. To keep the sleeve moist when in air, a small 
piece of cotton-wool is placed around the base of the wire and soaked 
in saline. When stored it is kept immersed in saline. 

The electrode has several advantages over bare chlorided wire. It maintains 
good fluid contact between any structure and the electrode, and the projecting 
end of sleeving can be used for contacting delicate surfaces. It helps to keep 
structures in contact with it moist, while the chloride film is protected from 
drying and the action of light. 

Electrically it is more stable and much less polarizable than bare wire. The 
current passes between a nerve and bare wire largely at the point of contact 
between the two, while a much larger area of the wire passes current when 
covered with the sleeve. This may be seen by examining the area of dis- 
coloration after passing relatively heavy currents. 

Sleeving of this kind may also be used to improve the standard silver wire 
in agar electrode. The action of light may be reduced by using wire coils 
threaded with a sleeve. The emerging wick may be made rigid and any shape 
by employing a glass fibre covered with silk. 


Silver 
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Fig. 1. Hosisental electrode. 


An improved fluid stimulating electrode has also been constructed (Fig. 1). 
This has an oil seal for increasing the shunting resistance of a nerve, of the 
type described by Huxley & Stampfli (1949). 

The electrode is made of Perspex and the interpolar region is interrupted 
by a gap which may be filled with liquid paraffin. Fresh polythene adhesive 
tape is used every time to cover the various external orifices, and the necessary 
ports for entry or exit are mede with a needle to suit the size of nerve used. 
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The focal and surface potentials on antidromic activation of the 
spinal cord of the frog. By D. W. Kennarp 


— 
The electrical activity in isotonic contractions of human calf 
muscle. By Brenpa Bieianp, O. C. J. Lirppotp and ANNE WrReENcH. 
Department of Physiology, University College, London, W.C. 1. 


When the action potentials from human muscle are integrated, they show 
a linear relation with the tension exerted. This has already been found for 
isometric voluntary contractions of the calf muscles (Lippold, 1952). The 
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Fig. 1. 
present apparatus has been designed to investigate the relationship under 
isotonic conditions of the muscle, shortening and lengthening at varying 


velocities. 
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Isotonic contractions of the calf muscles were made by the subject on the 
dynamometer (Fig. 1) raising and lowering variable weights. One spot on 
a cathode-ray tube was connected to a slow-running time-base; the second 
was displaced by the movement of the foot platform rotating a potentiometer 
on its bearing spindle. The subject endeavoured to maintain the two spots in 
juxtaposition. 

Action potentials from surface-suction electrodes were integrated with a 
modified Miller circuit (Bates, 1952, personal communication), and counted 
by a scaler unit. 

Results obtained in this way show a linear relation with changes of tension 
and changes in velocity. 
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Minute rhythmic contractile waves of the mammalian heart 
and the effect of urethane upon them. By K. Hettmann. Medical 
Research Council Climatic Unit, Department of Human Anatomy, Oxford 
Unwersity 

Minute rhythmic contractile waves can be seen to pass over the mammalian 

heart when it has ceased to beat, which diminish in rate and cease after 

variable periods of time; the latter appears to depend on species differences. 

In the isolated rat heart they can be observed by reflected light at a magnifica- 

tion of 25 diameters for up to 1 hr if the heart is kept moist at room 

temperature. 

When the waves have died out they can be revived at once by a topical 
application of a 0-1% solution of urethane. By continuous reapplication of 
this substance the waves may be observed for as long as three hours. 

The reaction to DFP is variable. In most, but not all, hearts examined, 
high concentrations of DFP cause this rhythmic activity to cease at once. The 
effect may be reversed and the rhythmic waves restarted by urethane. On the 
other hand, acetylcholine rs not to affect the speed or character of the 
waves; neither does adrenaline or atropine. 


The synchronous discharge of the mechanoreceptors of rabbit 
incisor. By A. R. Ness. Dental Department, University College Hospital 
Medical School and the Department of Physiology, University College, 
London 

If the lower border of the rabbit mandible is exposed, a length of the incisor 

nerve, suitable for electrical recording, can be dissected after removal of 

overlying bone. 
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When the incisor crown is given a sharp blow, the action potential recorded 


from the whole incisor nerve (Fig. 1a) is identical in time course with the action 


potential from a single fibre in the same trunk (Fig. 1 b). The whole nerve 
action potential varies in magnitude with the force of the blow. It would 


appear that the receptors discharge synchronously, their number increasing 
with the force to a maximum. 


| 
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b 


Fig. 1. a. Action potential from whole incisor nerve, the potential from the contact circuit being 
displayed on the upper beam. The pendulum has been allowed to bounce, showing the 
magnitude and latency changes as the force applied varies simultaneously in magnitude and 
rate. Paraffin recording bath temperature 28-5° C. b. Action potential from a single fibre of 
the incisor nerve (higher amplification and same time scale), one of a train released in 
to constant pressure on the tooth crown. Paraffin recording bath temperature 29-5°C. (Both 
records traced.) 


A simple pendulum device is used to administer blows of graded force, 
enabling the recruitment of receptors, and certain latency characteristics, to 


be studied. A 2V battery circuit is closed when the pendulum is in contact — 


with the tooth; the duration of contact is displayed on the Y2 beam of the 

cathode-ray oscilloscope. The closure also triggers the oscilloscope sweep. 
The dental receptors so stimulated set up a ‘natural’ synchronous afferent 

volley which has obvious uses in the study of central sensory processes. 


The changes in energy expenditure during the attainment of 
skill with a pursuit meter. By R. P. Ketvin, Krista Kostiat, 
O. C. J. Lirpotp and J. Wuirrietp. Departments of Physiology and 
Psychology, University College 

The learning response to the task of following a moving track has been 

investigated in many experiments, particularly since the war (Carpenter, 1950; 

Hick, 1948; Mackworth, 1950). 
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Our experiments have been designed to correlate changes in the expenditure 
of energy during the learning of such a task, with the attainment of skill in 
its performance. 

The apparatus used consists of a system of motor-driven irregular cams 
which evolve a variegated target trace, inked upon a moving paper strip. The 
subject is required to follow this tracing with a second ink writer, controlled 
by a friction-loaded steering wheel. Assessment of skill is made by measure- 
ment of the ‘off-target’ distance at points along the tracing; energy expendi- 
ture is estimated in the conventional manner by expired air analysis and the 
use of minute ventilation volumes. 

Preliminary results show that while the attainment of skill follows the 
expected asymptotic relationship with time, the energy expenditure shows 
a gradual increase with successive experiments. 

We are indebted to Dr Schuster who constructed the pursuit meter from which the present one 
was developed. , 

REFERENCES 
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A method for perfusing abdominal sympathetic ganglia. By G. L. 
Brown and A, P. 


A rapid photoelectric method of measuring the oxygen satura- 


tion of small blood samples. By C. P. Hanprorrs. Department 
of Medicine, St Thomas’s Hospital, London 
A commercial photoelectric colorimeter (Evan’s portable colorimeter) has 
been adapted for blood oximetry. In place of the usual test-tube is a 
spiral of polythene tubing through which is passed the blood to be analysed. 
Details of construction are shown in Fig. 1. The colorimeter measures 
the optical density of the blood, from which its oxygen saturation may 


be calculated as follows: : 
test reading — oxygenated reading 
Saturation = 100 — Jaced — oxygenated reading x 100. 


The reduced reading need not be determined each time, the value for the 
difference between the reduced and oxygenated readings being obtained from 
a previously constructed graph (Fig. 2). Fig. 3 shows the results of twenty- 
five co ive analyses; the standard deviation is 4%. For each analysis 
1 ml. of bi ‘needed, and the result can be obtained within 10 min. 
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Red 


Photocell and 
galvanometer 


Fig. 1. Details of adaptor. The filter only transmits light above 6000 A and the photocell does not 


respond above 8000 A 


50 Galvanometer 


100% 


Haemoglobin 15°6 g % 


Fig. 2. Optical densities of serial dilutions of fully oxygenated and fully reduced blood. 
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Fluorocitrate-induced convulsions in the pigeon. By R. A. Peters 
and R. W. Waxkerretp. (Film) 


The frog’s sciatic gastrocnemius preparation. By A. Buic and 
C. Rasnpass. (Film) 


Minute rhythmic contractile waves of mammalian heart. By K. 
(Film) 


Ion exchanges in sympathetic ganglia. By H. McLennan. Department 
of Biophysics, University College, London 

Sodium and potassium contents of freshly excised sympathetic ganglia of rats 
and rabbits have been determined, the values averaging 81 + 14yequiv/g for 
sodium (s.D. 5 analyses) and 89 + 23 vequiv/g for potassium (s.D. 16 analyses). 
The high value for sodium has been checked by determination of the total 
chloride, which gave an average value of 92+ 29equiv/g (s.D. 6 analyses). 
If both sodium and chloride ions are assumed to be extracellular, then the 
extracellular space in these ganglia may comprise some 60% of the tissue 
weight. If this is so, then the potassium concentration within the cells could 
be of the order of 200-250 wequiv/g. 

The exchangeability of the ganglionic potassium has been followed with 
radioactive “*K as a tracer. The extent to which the analytically determined 
tissue K+ exchanges with the ““K of Locke’s solution in which the ganglion 
is incubated never exceeds 50%, and is usually of the order of 35%. It would 
seem, therefore, that at least one half of the tissue K either exchanges very 
slowly, being perhaps bound in some way to the tissue proteins, or is relatively 
inaccessible to the “*K of the bathing solution. Brief soaking in isotonic 
potassium phosphate solution results, however, in a complete replacement of 
the tissue K by the “K of tif@*medium. 

Identical results have been obtained with ganglia in which the pre- or post- 
ganglionic fibres were cut and allowed to degenerate for 3 weeks. 


Metabolic inhibitors and sodium movements in giant axons. 
By A. L. Hopexin and R. D. Keynes. Physiological Laboratory, Uni- 
versity of Cambridge 

If giant axons from Loligo or Sepia are loaded with “Na by stimulation in 

a radioactive medium, and are then washed with an inactive solution (artificial 

sea water), their radioactivity decreases in a roughly exponential fashion. This 

may be shown by taking counts of the axons, or by measuring the rate at 
which “Na appears in the external medium. Fig. 1 was obtained by the second 
method, and shows that in a normal medium there is an outward movement 


| 
4 
4 
{ 


4 
ia 
af 
= 


46 P PROCEEDINGS OF THE PHYSIOLOGICAL 


of Na from the axoplasm against the concentration and potential gradients. 
If 0-2 mm-dinitrophenol (DNP) is added to the washing fluid, the outflux 
decreases gradually to about one-twentieth of its initial value; the effect is 
reversed by washing the DNP away. Cyanide (1 or 10 mm) and azide (3 mm) 
have a similar action. The sodium influx is much less affected; it is reduced, 
but only by about half. 


mu-DNP—> 
& 
c 
xX 
35 
3 
50 100 les SC 


min 


Fig. 1. Abscissa: time after end of stimulation. Ordinate: rate at which “Na leaves 
axon. Vertical lines are +2 x 8.z. 


The marked reduction in the sodium outflux of a poisoned axon is not 
accompanied by loss of excitability, nor are the resting and action potentials 
changed by more than a few mV. In squid axons, experiments with *Na have 
shown that the rapid sodium movements which accompany electrical activity 
are not altered by more than 25% when the fibre is treated with DNP. 

These results show that the recovery process in cephalopod axons can be 
dissociated from the mechanism responsible for conduction of impulses. The 
former involves movements of ions against concentration differences and 
requires metabolic activity : the latter depends on movements down concentra- 
tion gradients and is less directly linked with metabolism. 


Sodium extrusion and potassium absorption in Sepia axons. 
By A. L. Hopexiw and R. D. Keynes. Physiological Laboratory, 
University of Cambridge 

Removal of the potassium from the external medium reversibly reduces the 

sodium outflux from a resting frog muscle (Keynes, in preparation) or a Sepia 

axon to about one-third of its normal value. An experiment on a Sepia axon 
is illustrated in Fig. 1, from which it can be seen that the reduction is 


immediate, in contrast to the effect of blocking metabolism described in the 
preceding communication. 
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The effect cannot be due to a permeability change, since Na influx is not 
much altered by removal of external K. Another possibility is that the slight 
rise in resting potential (probably not more than 10 mV) resulting from removal 
of K slows Na extrusion by raising the electrical potential difference against 
which a positive ion has to be ejected. This has been eliminated by measuring 
the Na outflux from a 6 mm stretch of axon whose membrane potential had 
been increased by 10-30 mV with a polarizing current. In no case did an 
increase of membrane potential have any significant effect, although K-free 
solutions flowing past the same axon always caused a marked reduction. 


Outflux of “Na 
(counts/min per min) 


min 
Fig. 1. Outflux of *Na in normal (10 mm-K) and K-free artificial sea water. 


The experiment of Fig. 1 suggests that there may be a coupling between K 
influx and Na outflux such that interference with the former reduces the latter. 
This is supported by the action of dinitrophenol and cyanide on fibres which 
are recovering from stimulation. If these agents are applied in concentrations 


which abolish Na outflux, they cause a reversible reduction of K influx to 


about one seventh of its normal value. 

These cbservations suggest that in addition to moving passively through 
the membrane, K may also be drawn into the cell by a secretory process 
_ coupled to one which extrudes Na. 


A differentiation between red and white muscle in the cat 
based on responses to neuromuscular blocking agents. By P. A. 
Jewett and Exeanor J. Zamus. Department of Physiology, Royal 
Veterinary College, and Department School of Pharmacy, 
University of London 

Published work on the effect of neuromuscular blocking substances on red 

and white muscle in the cat has shown that tibialis anticus (white) is much 

more readily blocked by decamethonium, a depolarizing substance, than the 
soleus (red). The same muscles differ in sensitivity to D-tubocurarine, a com- 

petitive inhibitor, but in the opposite sense (Paton & Zaimis, 1951). 

An analysis of these differences reveals that the mode of action of deca- 
methonium on these muscles is different. The block of tibialis is effected by 
persistent depolarization (see references, Paton & Zaimis, 1952); the wg of 


> 


1 

al 

4 


48P PROCEEDINGS OF THE PHYSIOLOGICAL 


soleus, however, has some of the characteristics of a depolarization block, 
some of the characteristics of a competitive block, and some characteristics 
which are entirely absent from these two mechanisms when they appear in 
their pure form. 

_ Experiments have been performed upon animals anaesthetized with 
chloralose in which successive doses of decamethonium, large enough to 
block neuromuscular transmission in soleus, were given (about 70yg/kg). 
The block is preceded by potentiation of the maximal twitch, a manifesta- 
tion of the depolarizing phase of action. The ensuing block, however, is 
antagonized by a tetanus and neostigmine, is potentiated by p-tubo- 
curarine, and a tetanus during the block is poorly sustained. All these are 
characteristics of a block produced by competitive inhibition. 

When further doses of decamethonium are given a new phenomenon 
emerges; the muscle shows a progressive decrease in sensitivity to successive 
doses of the drug. This is in contrast to the increased sensitivity which the 
muscle shows to repeated doses of a substance blocking solely by depolariza- 
tion or solely by competition. It is apparent that on the soleus of the cat 
decamethonium is exhibiting a dual mode of action similar to that which it 
displays on all the muscles investigated in the monkey and in the dog (Zaimis, 
1952). It seems that not only are there species differences in response to 
neuromuscular blocking substances, but differences may exist between 
different types of muscle within any one species. 


Paton, W. D. M. & Zaimis, E. J. (1951). J. Physiol. 112, 311. 
Paton, W. D. M. & Zaimis, E. J. (1952). Pharmacol. Rev. 4, 3. 
Zaimis, E. J. (1952). Nature, Lond., 170, 617. 


Changes at the neuromuscular junction of red and white 
muscle fibres in the cat induced by disuse atrophy and hyper - 
trophy. By P. A. Jeweit and Exzanor J. Zamms. Department of 
Physiology, Royal Veterinary College, and Department of Pharmacology, 
School of Pharmacy, University of London 

The present work has shown that it is possible to change the red fibre response 

to decamethonium into a response similar to that of white fibre by disuse 

atrophy. The tendon of the soleus muscle has been cut and atrophy allowed to 
continue for from 14 to 36 days. Under chloralose anaesthesia the maximal 
twitch to indirect stimulation once every 10sec has been recorded simul- 


taneously from three muscles; the atrophied soleus and the normal tibialis of 
one side, and the normal soleus of the other. 
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The atrophied soleus retains the physiological properties of red muscle; the 
single twitch has a relatively long time course both in respect to contraction 
and to relaxation; tetanic fusion occurs at a low frequency of stimulation, and 
the tetanus to twitch ratio is high. In contrast the responses of the atrophied 
soleus to neuromuscular blocking agents parallel those of tibialis and are the 
converse of those of the normal soleus. Thus it is more sensitive to deca- 
methonium, a tetanus during a decamethonium block is well sustained and 
does not antagonize the block, nor is it antagonized by neostigmine. p-Tubo- 
curarine does not potentiate a decamethonium block and by itself has less 
effect on the atrophied muscle than on the normal one. The atrophied muscle 
does not show tachyphylaxis to successive doses of decamethonium. 

One further difference was observed, not obviously related to the preceding 
ones, in that the atrophied soleus when not under the influence of drugs, 
and when subjected to a tetanus of short duration, exhibited a post-tetanic 
potentiation of the single twitch, which the normal soleus does not show 
(Brown & Euler, 1938). 

In addition, experiments have been performed on the atrophied tibialis 
muscle, prepared by cutting its tendon of insertion, and on the hypertrophied 
soleus, prepared by cutting the tendons of the gastrocnemius and plantaris. 
These experiments produced only quantitative changes in the responses of the 
muscles to blocking agents, atrophied tibialis behaving more like a ‘pure’ 
white muscle and hypertrophied soleus like a ‘pure’ red muscle. Normal 
tibialis and soleus contain a small admixture of red and white fibres respectively 
(Denny-Brown, 1929; Gordon & Phillips, 1949), and these changes could be 
explained on the basis of the loss or conversion of these extraneous fibres. 

It has been shown for species other than the cat that partial disuse of muscle 
results in a poor development of myohaemoglobin, and loss of the pigment 
also follows rapidly upon paralysis produced by denervation (Whipple, 1926; 
Lawrie, 1950). The maintenance of a high myohaemoglobin content places 
a continuous demand upon the metabolic processes of the animal, and in turn 
appears to be related to muscular work of a sustained and continuous nature. 
The present pharmacological analysis indicates that this type of muscle may 
similarly maintain certain specialized conditions at the neuromuscular 
junction, which are lost with disuse. 


Brown, G. L. & von Euler, U. 8. (1938). J. Physiol. 93, 39. 
Denny-Brown, D. E. (1929). Proc. Roy. Soc. B, 104, 371. 
Gordon, G. & Phillips, C. G. (1949). J. Physiol. 110, 6 P. 
Lawrie, R. A. (1950). J. agric. Sci. 40, 356. 

Whipple, G. H. (1926). Amer. J. Physiol. 76, 693, 708. 
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Mechanical properties of Mytilus muscle. By B. ©. Assorr and 
J. Lowy. Marine Biological Laboratory, Plymouth 


Three smooth muscle preparations from the common mussel have been studied : 
the anterior byssus retractor (which moves the animal by pulling on the threads 
spun by the byssus gland), the pedal retractor (which controls rapid with- 
drawal of the foot), and strips of the posterior adductor (which closes the 
shells). 

th muscles can be isolated in a relaxed state provided the nervous system 
is rapidly destroyed during dissection. In oxygenated sea water at 14° C they 
remain excitable for several days; all respond to single stimuli with a twitch 
and give tetanic contractions with repeated stimuli, but the twitch to tetanus 
ratio varies widely in the three muscles. _ 


Tetanus 
. speed of fusion 
Tempera- ing Tension 
Muscle ture (°C) (lengths/eec) (kg/om*) a/P,  twitch/tetanus (shocks/sec) 
Pedal retractor 14 0-5-0-9 2-2-5 0-1 1:3 7 
Anterior byssus 14 006-009 35-45 0-16 1:8 2 
retractor 
Posterior adductor 14 0-09 0-5 0-2 1:14 2 
15 0-17 2-6 0-28 —_— <3 
Frog 0 20 2-2 0-25 1:1-4 <5 


- When tetanized, these muscles shorten under isotonic loads with velocities 
which correspond to Hill’s characteristic relationship for muscle: 

(P +a) (V +6) =b(P, +a), | 
where P=load, V =speed of shortening, P,= maximum isometric tension and 
a and 6 are constants. The intrinsic speeds of the muscles are different, but the 
value a/P, is of the same order as for other animals. Characteristics of the 
three muscles are given in the table together with those for frog sartorius at 
0° C and for the isolated pharynx retractor of the snail Helix pomatia. 

The active isometric tension varies with length; above an optimum length 
it. decreases and a resting tension is developed. This resting tension gradually 
decreases, however, and it falls most slowly in the muscles with the smallest 
intrinsic speeds of contraction. As the resting tension decreases, the corre- 
sponding active isometric tension increases, so that the isometric tension-length 
curve moves along the length axis; the fibrils responsible for the tension resist 
passive extension but gradually slip and can again exert full tension. 


A study of the influence of the inorganic ion environment on 
the convulsions induced in pigeons by fluorocitrate. By A. B. 
Hastines, R. A. Perers and R. W. Waxewin. Department of Bio- 
chemistry, Ozford 

The lethal convulsive state induced by the injection of mono-fluorocitrate 

into the subarachnoid space of the pigeon’s brain has already been described 
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(Peters, 1952; Peters & Wakelin, 1953). We have studied this in greater detail 
with particular reference to the possibility of influencing it by changes in 
inorganic ion environment. Injection of as little as 11g of fluorocitrate has 
induced convulsions; amounts of from 30 to 100 ug induce signs with a latent 
period, often indistinguishable from those seen in thiamine deficiency. Death 
follows within 10-20 min of the onset. Premonitory signs of restlessness, head 
ctetre and pin-point pupils usually precede convulsions. The immediate 
effects of citrate injections, sufficient to immobilize Ca++ Huggins & Hastings, 
1933) have been confirmed for pigeons; but the Seoniicks phenomena differ 
in their latent period and in the failure to respond therapeutically to injections 
of Cat+ or Mg**. Substances used unsuccessfully in therapeutic trials have 
included Ca++, Mg**, Mg citrate, Na and Mg isocitrate, mixtures of Ca, Mg and 
isocitrate, a-ketoglutarate and glutamine. Although sometimes the onset of 
convulsions appeared to be delayed, none prevented the fatal outcome. 

It is concluded that~fluorocitrate, which is known to inhibit the pyruvate 
oxidase system in brain tissue at the aconitase stage (Peters & Wakelin, 1953), 
exerts its toxic activity at some point more intracellular than that observed 

REFERENCES 
Huggins, C. B. & Hastings, A. B. (1983). Proc. Soc. exp. Biol., N.Y., 30, 459. 
Peters, R. A. (1952). Brit. med. J. ii, 1165. 
Peters, R. A. & Wakelin, R. W. (1953). J. Physiol. 119, 421. 


Chicken’s optic tectum: histological structure. By B. G. Craaa, 
D. H. L. Evans and L. H. Hamiyn. Department of Anatomy, Um- 
versity College, London 

The optic tectum of the chicken shows marked lamination of structure when 

examined histologically. The thickness of the tectum from the surface to the 

ventricle is about 2 mm, showing four easily distinguishable layers. First there 
is a layer of incoming optic nerve fibres which spreads out over the tectal 
surface. Below this is a zone of small neurones, the processes of which are 
arranged in a plexiform:manner. Next is a layer containing fewer cells, in 
which the fibres are predominantly radial in orientation. Central to this is 

a second plexiform layer consisting of large cells with long processes, many of 

which are orientated in the tangential plane. 

The region between this layer and the ependyma of the ventricle consists 
almost entirely of nerve fibres, most of which are probably outgoing axons 
with some afferent fibres. | 
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Chicken’s optic tectum: electrical responses. By B. G. Crace 
and L. H. Hamiyy. Department of Anatomy, University College, London 


Single shocks delivered to the optic nerve in chickens anaesthetized with 
pentobarbitone elicit in the contralateral tectum two waves of potential change 
lasting some 3 and 6 msec respectively. The voltage gradients of this response 
have been measured between pairs of microelectrodes, set 200 apart, either 
radially or tangentially, at different depths in the tectum. A radial voltage 
gradient found between 0 and 1250, below the pia has a maximum at 750. 
and decays exponentially above and below. Tangential voltage gradients 
appear from 0 to 250y and 1000 to 2000u. These voltage gradients have a 
similar time-course to the monopolar recording and correspond in depth and 
type with the main fibre orientations in the tectum. | 


Orientation of regenerating non-medullated nerves. By D. H. L. 


Evans and J. G. Murray. Department of Anatomy, University College, 
London, W.C.1 


The vagus nerve in the rabbit in the cervical region contains 2914 medullated 
fibres (mean of five counts) and a con- 
siderably larger number of non-medullated 
fibres. The medullated fibres are mainly 
distributed in therecurrent laryngeal, cardiac 
and pulmonary branches, very few going to 
the gastro-intestinal tract (less than 60). The 
few medullated fibres to the gastro-intestinal 
tract are afferent in nature. The non- 
medullated fibres are mainly distributed to 
the gastro-intestinal tract (total in both 
vagal nervesat the level of diaphragm 20,000- 
30,000), to the heart and the lungs. Very few 
of them run in the recurrent laryngeal nerves 
(less than 100). However, after regeneration 
of the vagus where the nerve has been crushed 
in the cervical region the majority of the 
non-medullated fibres are directed into the 
recurrent laryngeal nerve. 

In medullated nerves crushed with Fig. 1. Diagram of the vagal nerves in 
that the supporting tubes are left as channels along which regenerating fibres 
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can advance to regain their old connexions, and recovery is rapid and complete 
(Sanders & Young, 1944). After crushing both vagal nerves at the level of 
diaphragm, function, as recorded by an alteration in intragastric pressure on 
stimulating electrically the peripheral cut end of the cervical vagus, returns 
to the stomach in 140-160 days, about twice as long as anticipated. After 
crushing the cervical vagus at the level of the thyroid cartilage, function 
returns to the larynx uniformly and quickly (70 days). However, function to 
the stomach never returns, at least up to 670 days after a cervical crush. 

Correspondingly there were found to be few or no non-medullated fibres 
at the level of the diaphragm even 670 days after a crush of the cervical vagus 
nerve. However, the recurrent laryngeal nerve was seen to be uniformly 
packed with non-medullated fibres (12,500, mean of 3 counts) and these grew 
as far as the larynx, a distance approximately equal to the distance from the 
crush to the level of diaphragm. The regenerating non-medullated fibres were 
grouped on the surface of the sheaths of the regenerating medullated fibres. 

It appears, therefore, that there are factors capable of directing the free 
growing fibre tips of non-medullated nerves along the sheaths of regenerating 
medullated nerves. Such possible factors have been discussed by Weiss (1941) 
(‘Contact Guidance’) and Young (1942). 
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Effect of magnesium ions upon the release of acetylcholine. By 
O. F. Hurrer and Krista Kostiat. Department of Physiology, 
University College, London 

To test the effect of magnesium ions upon the output of acetylcholine from 

cholinergic nerve endings, perfused preparations of the cat’s superior cervical 

ganglion were used. The preganglionic nerve was stimulated with supra- 
maximal shocks at a frequency of 2 per sec for 5 out of every 10 min. In this 
way a series of samples containing approximately equal amounts of acetyl- 
choline could be obtained. Addition of magnesium chloride (15 mm) to the 
perfusion fluid (Ringer-Locke’s solution containing 1: 100,000 eserine sulphate) 


reduced the amount of acetylcholine in the perfusate to about 50 % its original 


value. With higher concentration of magnesium chloride (25 mm) no acetyl- 
choline could be detected on preganglionic stimulation. The effects were 


reversible. 
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The nature of the neuromuscular block produced by magnesium. 
By J. SEE Department of Physiology, 
University College, London 

When a small quantity of Mg (10 m.mole/I.) is added to a p-tubocurarine/Ringer 

solution, the end-plate potential (e.p.p.) of a frog’s sartorius diminishes to 

one-tenth. This cannot be due to a ‘curare-like’ action, because the sensitivity 
of the end-plate to applied acetylcholine is now slightly increased rather than 
diminished. It appears then, that the addition of Mg causes a large reduction 
in the amount of acetylcholine released by the motor nerve endings. This 
effect is the main but not the only mechanism by which Mg blocks transmission 
in a non-curarized muscle; Mg also raises the electric threshold of the muscle 
membrane so that a larger e.p.p. is needed to produce a spike, and, further- 
more, in the absence of curare, Mg has a small depressing effect on the 

acetylcholine sensitivity of the end-plates (e.g. with 10 m.mole/l. there is a 

reduction of 15-20°% in the depolarization produced by a given dose of 

acetylcholine). 

The main effect of adding Mg, viz. diminution of the acetylcholine release, 
appears to be closely similar to the effect of reducing Ca (del Castillo & Stark, 
1952). In fact, there is a striking antagonism between Ca and Mg at the neuro- 
muscular junction, the size of the e.p.p. being restored, and the neuromuscular 
block being thereby relieved, when Ca is added to the Mg-treated muscle. 

When the e.p.p. is recorded with an intracellular electrode in a muscle 
treated with a high concentration of Mg (15-20 m.mole/I.) the amplitude of suc- 
cessive e.p.p.’s shows striking ‘quantal’ fluctuations of the same kind as those 
observed by Fatt & Katz (1952) with Ca-deficient nerve-muscle preparations. 

It appears from these results that the amount of acetylcholine liberated 
by a motor nerve impulse depends upon the relative concentrations of Ca and 
Mg ions. 

| REFERENCES 
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The slow fibres of frog skeletal muscles. By 8S. W. Kurrier and 
E. M. Vavenan 


Potassium movements in horse red cells. By T. I. SHaw | 
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The muscles retracting the cat’s nictitating membrane. By 
M. Paton and J. W. Taompson 


The action of acetylcholine on the electrical activity of the spinal 
cord of the frog. By D. W. Kennarp 


Transamination by the small intestine of the rat. By D. M. 
_MattHews and G. Wiseman. Department of Physiology, Sheffield 
Unwersity 
Although rat small intestine in vitro can transport a number of amino-acids 
against a concentration gradient this phenomenon does not occur with 
glutamic or aspartic acid (Wiseman, 1953). Starting with equal concentrations 
of glutamic or aspartic acid in the solution in the intestinal lumen (inner fluid) 
and in the solution bathing the serosal surface (outer fluid), after 1 hr the 
concentration of amino-acid has fallen in both solutions. This lost amino-acid 
cannot be recovered as free amino-acid from the intestinal wall. As both 
glutamic and aspartic acids are known to take part in transamination 
reactions, the inner and outer solutions were examined for other amino-acids 
by paper chromatography. 25]. samples were run on two-dimensional 
chromatograms, using butanol-acetic acid and phenol—water solvents. 
Chromatograms of the initial solutions showed only the original amino-acid. 
After 1 hr, using either glutamic or aspartic acid, the solutions showed an 
additional ninhydrin-reacting spot in the alanine position, much stronger in 
the outer solution than in the inner. On elution the substance responsible was 
| stable to acid hydrolysis, and it was concluded that it was alanine. With 
aspartic acid the final fluids after 1 hr showed a second additional spot 
identified as glutamic acid. In experiments using glutamic or aspartic acid 
in the inner fluid only, the outer fluid after 1 hr contained not only some 
transported dicarboxylic acid, but also alanine. 25,1. samples from control 
experiments, in which no amino-acid was present in the initial solutions, gave 
no detectable ninhydrin-reacting material after 1 hr. In experiments using 
alanine, phenylalanine, or histidine only the amino-acid originally present was 
found. 
These results would explain the unexpectedly low level of glutamic acid in 
the portal blood after feeding casein (Dent & Schilling, 1949). 
One of us (G. W.) is indebted to the University of Sheffield for a Research Grant. 
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The action of barbiturates on the electrical activity of the 
brain of the cat, with particular reference to electrographic 
monitoring of narcosis during cortical stimulation. By G. W. 
Campripce and B. D. Wrxe. Department of Physiology, School of 
Medicine, University of Leeds 


Use of the progressive changes in the electroencephalogram (e.e.g.) during 
narcosis as an index of narcotic depth was suggested by Gibbs, Gibbs & 
Lennox (1937), but until the work of Brazier (1948), Forbes, Battista, 
Chatfield & Garcia (1949) and Bickford (1951) few systematic studies of the 
electrical activity of the cortex from this point of view had been carried out. 

Since narcotic depth is a significant experimental variable in any investiga- 
tion involving stimulation of the cortex it is essential, in such experiments, to 
have minute to minute information regarding the state of narcosis of the 
animal, 

Cats were anaesthetized with pentobarbitone sodium, administered intra- 
peritoneally (45 mg/kg body weight) and subsequently maintained in 
anaesthesia by further intraperitoneal or intravenous injections of appropriate 
amounts and concentrations of drug. 

Correlation of the progressive e.e.g. changes with somatic changes during 
barbiturate narcosis in cats has led to identification of four major e.e.g. 
patterns which represent significant stages in narcosis. In experiments 
involving cortical stimulation continuous electrocorticograms were made 
using bipolar fronto-occipital electrodes, and the depth of narcosis at any 
stage of the experiment was assessed from these records. 

By intermittent intravenous administration of appropriate amounts of the 
barbiturate in suitable concentrations a selected electrocortical pattern can be 
maintained; and under these conditions unipolar stimulation of a cortical focus 
with fixed stimulus parameters yielded muscular responses which were 
repetitively identical as long as a steady level of narcosis was maintained. On 
the other hand, if the level of narcosis was varied (without changing other 
experimental factors), then the magnitude and pattern of the evoked muscular 
responses varied accordingly; and the extent of such variation differed from 
one neuromuscular system to another. 
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Some factors concerned with the peristaltic reflex in the guinea - 
pig’s ileum. By H. W. Kosrertrrz and Vivien W. Pree 
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Liver blood flow in the hypotensive rat. By D. H. Jounson. 
Department of Pathology, University of Bristol 


Liver blood flow in haemorrhagic hypotension was seinibeiain using the 
method of internal calorimetry (Grayson, 1952) in 100 rats anaesthetized with 
pentobarbitone sodium. In fifteen animals the carotid artery was opened into 
a reservoir in which pressure was maintained at 35 mm Hg. The blood pressure 
(femoral artery) fell rapidly and equilibrium was maintained for up to 5 hr. 
Liver blood flow fell to about 55% of resting values then rose to 65%. 
A progressive decline, reaching about 30%, after 3 hr, followed. 

Similar qualitative changes in flow occurred in experiments on animals with 
the coeliac axis ligated. ) 

After hepatic nerve section, administration of ganglionic blocking agents or 
dibenamine hydrochloride, bleeding into the reservoir produced an initial fall 
to about 65%. The fall to 55% and partial recovery no longer occurred but 
the subsequent progressive diminution in flow was still always observed. 

In other experiments arterial pressure was lowered in several stages from 
resting values of about 120 mm Hg. With each step reduction in pressure there 
was a transitory fall in flow lasting only a few minutes. As long as the reduction 
was not such as to bring mean arterial pressure below about 60 mm Hg flow 
recovered towards the levels recorded before haemorrhage. With blood 
pressures as low as 80 mm Hg the new level of flow was maintained for observed 
periods up to one hour. When the arterial pressure was lowered below 
60 mm Hg reduction in blood pressure led to significant reduction in flow. 
Moreover, following partial recovery from the initial fall there was further 
progressive diminution in flow without any alteration in arterial blood pressure. 

At each stage of reduction in arterial pressure portal pressure stabilized 
within 10 min. In some experiments portal pressure began to rise after half 
an hour of severe hypotension. 

Venous pressure difference across the liver, after ligation of the coeliac axis, 
revealed a progressive increase in local effective hepatic resistance to portal 
flow during hypotension. This persisted even when the hypotensive period was 

terminated by forcible retransfusion of the shed blood. 

It is suggested that the initial response to any reduction in arterial pressure 
is a transitory reflex vasoconstriction in the liver. If severe hypotension 
(below 60 mm Hg) continues, progressive changes, not dependent on nervous 
influences, result in increased hepatic resistance persisting even if blood 
pressure is subsequently returned to normal levels. 

The expenses of this work were defrayed by a grant from the Medical Research Council. 
REFERENCE 
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The way adrenaline is held by cytoplasmic granules of the adrenal 


medulla. By H. Biascuxo, P. Hacen and A. D. 


Renal water and cation excretion at moderate altitude. By 
Exisasets A. Utimann. Department of Physiology, The Medical College 
of St Bartholomew’s Hospital, London, E.C.1, and Hochalpine Forschungs- 
station Jungfraujoch, Switzerland 

Water and sodium metabolism were studied in one healthy subject during 

12 days in London, 29 days on the Jungfraujoch (11,340 ft., B.P. around 

500 mm Hg) and a further 14 days in London. No symptoms of altitude 

sickness were experienced at any time. 

Voluntary or anoxic hyperventilation of short duration at sea-level leads 
to an immediate increase in renal sodium, potassium and water output; water 
diuresis is markedly accelerated; urinary pH rises and ammonia and titratable 
acid excretion fall. 

By contrast, during the first 2 days on the Jungfraujoch water sodium and 
potassium excretion were strongly depressed. A positive sodium balance of 
+240 m.equiv and water retention of 1-5 1. developed in 48 hr. On the 
second day a test dose of water produced almost no diuretic response. Urinary 
pH remained low, but ammonia and titratable acid outputs were below mean 
London values. 

_ The need for fixed base excretion asserted itself on the third day when a 

sodium diuresis began which lasted for 3 days. The daily sodium balance 

became negative (mean —42 m.equiv/day) and water and weight was lost in 
spite of a high calorie intake. Relatively more sodium than water was 
eliminated. Potassium excretion recovered more slowly. 

From the 6th to the 29th day no further significant disturbance of water 
balance occurred. Titratable acid and ammonia excretion remained low, and 
only rose again after return to sea-level. 

Mean daily sodium output for the rest of the period at altitude was slightly 
below the London mean; a slight but increasing sodium retention developed 
from the 11th day onwards. Serum sodium remained unchanged during the 
entire period of observation. 

From the 7th day on the Jungfraujoch onward renal potassium excretion 
increased progressively, both absolutely (London mean: 61 m.equiv/day; 
Jungfraujoch, 8th-29th day, mean 89 m.equiv/day), and relatively, as fraction 


of total cation excretion. The increased output stopped abruptly on return to 
London. 


In the absence of data showing potassium balance the possibility that the — 


increased loss reflects increased intake cannot be ruled out, but this is unlikely. 
Together with the observed changes in sodium metabolism the findings 
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suggest a possible increase in adrenocortical activity at altitude. The diuretic 
response to ingested water was more rapid on the Jungfraujoch than at sea 
level. The adrenal cortex may be implicated here also. - 
_ The stimulus for the initial inhibition of water and fixed base excretion 
cannot be attributed to anoxia or alkalosis but was probably due to some 
non-specific factor connected with change of environment; perhaps acting 
through release of antidiuretic hormone from the posterior pituitary. This is 
suggested by the fact that exactly the same sequence of events occurred on 
return to sea level. In this case, however, water and sodium retention were 
prolonged beyond the 3rd day. 


Part of the expenses of this work were defrayed from a grant by UNESCO to the International 
_ Foundation, Hochalpine Forschungsstation Jungfraujoch. 


dilated hand. By P. GaskEti 


Rate of secretion of antidiuretic hormone in the rat. By 8. E. Dicker 


The measurement and experimental modification of the activity 
of the thyroid gland of the rabbit. By K. Brown-Grant, C. von 
Ever, G. W. Harris and 8. 


The depth of focus of the human eye. By F. W. Campse.t and 


J. B. peV. Wer. Nuffield Laboratory of Ophthalmology, Oxford and 
Institute of Physiology, University of Glasgow 


If the eye is focused for a given distance then an object either nearer or 
farther away will produce a blurred image on the retina. Within a certain 
tange—the depth of field—the eye is unable to detect this blurring. The 
perception of blurring is related to visual acuity and thus depth of focus is 
affected by such factors as brightness and contrast. 


Pupil ~——ee Range of focus (cm) when focused on 

(mm) (dioptres) Infinity 100 50 | 
1 +0-29 Infinity to 350 60 15 3-6 
2 +015 Infinity to 700 30 75 1-8 
4 +0-075 Infinity to 1,400 15 3-8 0-9 
8 +0-038 Infinity to 2,800 75 1-9 0-5 
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The table above, based on geometric optics, assumes that the eye can 
just detect blurring which subtends 1 min of visual angle. This standard 
should be regarded as the minimum depth of field and can be expected to be 
found only under optimal conditions of brightness and contrast. Whatever the 
standard, the depth of field varies inversely as the pupil diameter and approxi- 
mately directly as the square of the distance focused. 

This table differs from that published by Hartridge (1930) due to the use of 
more accurate recent data. 
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Retinal chromatic differentiation in colour-blind subjects. By 
E. F. Fincnam. Department of Ophthalmic Optics, Institute of 
Ophthalmology, London 

In a previous communication (Fincham, 1951) it was shown that in subjects 

with normal colour vision the accommodation reflex to changes in the light 

vergence at the retina is stimulated by the colour fringes of the image, caused 
by the chromatic aberration of the eye, the chromatic stimulus. Many subjects 
were found in addition to make use of an achromatic stimulus, as shown by the 
persistence of the reflex even when the object of regard was illuminated with 
monochromatic light. More recent objective experiments have shown that 
when both chromatic and achromatic stimuli are in operation the reaction 
will occur for a smaller object than when the achromatic stimulus alone is used. 

Experiments using an object illuminated alternatively with sodium light and 

a light which matched it composed of a mixture of green and red, have indicated 

that protanopes and deuteranopes do not make use of the chromatic stimulus 

to the reflex. On the other hand three cone-monochromats who were tested 
reacted to a smaller green +red object than to the monochromatic one of the 
same luminance. 

The conclusion is that in dichromats the defect in the colour sense mechanism 
is at a level which affects the impulses to the reflex centres in the mid-brain 
as well as those to the cortex. In the cone-monochromats impulses initiated 
by colour differences arising from the chromatic aberration of the eye, are sent 
to the mid-brain, although there is no colour sensation. The retinal receptive 
mechanism of these cone-monochromats must therefore be capable of colour 
differentiation. 

REFERENCE 
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& 


is 
th 
If 
| or 
| 
: 
t 
( 


SOCIETY, 20-21 MARCH 1953 61 P 


The measurement of rhodopsin in the decerebrate albino 
rabbit. By W. A. Hactns and W. A. H. Rusnron. Physiological 
Laboratory, Cambridge 


When plane-polarized light is shone into the albino eye an appreciable fraction 
is reflected back. Part of this is specularly reflected from the surfaces of 
cornea and lens. Nearly all the rest is diffusely reflected from structures behind 
the retina (favoured by the lack of black pigment); this light is depolarized. 
If the reflected light is viewed through a polaroid crossed with the incident 
plane all the specularly reflected light will be excluded and we shall observe 
only light which has passed twice through the retina, and hence through the 
rhodopsin of the rods. The optical density of rhodopsin may thus be found at 
any moment simply by measuring the proportion of incident light recovered 
in this way after reflexion. 

The measurements can be obtained with sufficient stability and sensitivity 
by using (slightly modified) the rotary rhodopsinometer already demonstrated 
to the Society (Rushton, 1952). 

Procedure. Rabbits were decerebrated under ether and a little urethane. 
The head was fixed rigidly and the eye made emmetropic with a corneal glass 
alined in good light. Then density measurements were taken in various 
conditions of light and dark adaptation. 

Results. (a) Darkness. After preliminary exposure to strong light the 
density of the retina (measured in blue-green light) increased steadily with the 
stay in the dark. The density rose linearly for the first hour or so and then 
rather suddenly flattened out at a ceiling of about 0-2 log unit. The light used 
to make the measurements had no detectable effect upon this result. 

(6) Bright light. Exposure to strong white light for a minute or two caused 
the density to drop the whole 0-2 density unit which had accumulated during 
an hour or more of darkness. The curve of bleaching against time is consistent 
with the assumption that rate of bleaching is proportional to light absorbed 
(which is known at each instant from the density measurement). 

(c) Pigment involved. Measurements in various colours before and after 
strong bleaching give a difference curve with maximum at about 500 my and 
with the general shape of rhodopsin absorption. 

Conclusions. (i) The linear increase in the dark suggests saturation at 
some stage of rhodopsin synthesis, e.g. a very high affinity between enzyme 
and substrate. 

(ii) The density of 0-2 means that 35% of green light is absorbed in a single 
passage through the retina. 

(iii) A light 100,000 times the human absolute threshold had no effect upon 
the rhodopsin density in the rabbit’s eye. A light ten times this bleached. 


REFERENCE 
Rushton, W. A. H. (1952). J. Physiol. 117, 47P. 
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Human ‘visual purple’. By R. Crescrreni and H. J. A. DarTnaLi 


The absorption of histamine from the subarachnoid space of 
the dog. By T. H. B. Beprorp. Department of Pharmacology, University 
of Manchester 

Solutions of histamine acid phosphate (B.D.H.) in concentrations ranging 

from 0-1 to 10-0 mg/ml. distilled water and in volumes varying from 0-5 to 

2-0 ml. were introduced into (1) the lateral ventricle, (2) the cisterna magna, 

(3) the subarachnoid space over the convexity of a cerebral hemisphere, and 

(4) the white matter of a cerebral hemisphere. In a limited number of experi- 

ments the spinal subarachnoid space was perfused with histamine solution 

through needles in the cisterna magna and in the lumbar region. The solutions 
were coloured, usually with methylene blue, so that the extent of travel could 
be determined post-mortem or in the case of the convexity of the cerebral 
hemispheres, by direct observation during the course of the experiments. The 
pressure at which the solutions were introduced was never allowed to exceed 

250 mm H,O. The general experimental technique was similar to that 

employed in earlier work (Bedford, 1946). A fall in systemic blood pressure in 

dogs anaesthetized with intravenous pentobarbitone has been used as evidence 

of histamine absorption in these experiments. , 

Injection into a lateral ventricle did not cause a fall in blood pressure. No 


fall followed injection into the cisterna magna unless the injected solution — 


reached the superior longitudinal sinus. The whole of the subtentorial subarach- 
noid space including that of the upper part of the spinal cord, can be filled with 
histamine solution without any fall in blood pressure. Similarly, the presence 
of solution in the region of the optic chiasma and the under surface of the 
cerebral hemispheres was not associated with a fall in blood pressure. No fall 
in blood pressure followed the introduction of the solutions into the sub- 
arachnoid space over the convexity of a cerebral hemisphere so long as the 
solutions did not travel as far as the superior longitudinal sinus. 

When, however, this was attained a rapid and profound fall in blood 
pressure followed. This fall in blood pressure did not take place if a fine 
suspension of indian ink had previously been injected; probably as a result of 
blocking the arachnoid villi with the ink. It should be noted that the lateral 
sinuses and the torcular of the dog are completely enclosed in the bone of the 
skull and need not therefore be considered in these experiments. No effect on 
blood pressure followed injection into the white matter of the cerebrum provided 
adequate precautions were taken to avoid leakage into the subarachnoid 


space. Perfusion of the spinal subarachnoid caused only a slight fall of 
blood pressure of slow onset. | 
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It would appear from these experiments that histamine introduced into the 
subarachnoid space of the dog is unable to escape in significant concentration 
except by direct passage into the superior longitudinal sinus. 


REFERENCE 
Bedford, T. H. B. (1946). J. Physiol. 104, 299. 


The effects of tonicity upon the rate of sodium excretion from 
human erythrocytes. By E. J. Harris and T. A. J. Pranxerp. 
Biophysics Department, University College, and University College Hospital, 
London 


Human erythrocytes which had been previously treated with a solution con- 
taining a proportion of Na were put in a saline medium at 37° C and the loss 
of isotope observed. Centrifuging took place at 3000 g understandard conditions. 
The transfer of “Na out of the cells to a solution practically free from “Na 
follows, as a rule, simple first-order kinetics. The rate constant, which is found 
from the slope of a plot of log (Na content) against time, applies to unit 
volume of cell fluid. To obtain the permeability constant, which refers to unit 
area, it is necessary to multiply by the ratio volume of internal fluid/surface 
area. Measurements have been made of the rate constant in iso- and hypotonic 
media (0-9-0-6 % NaCl); in the latter it is reduced nearly in the proportion by 
which the fluid volume becomes increased due to swelling. As the surface 
area remains nearly constant this result means that the permeability constant 
is not changed by the swelling consequent upon use of a hypotonic solution. 
Restoration of isotonicity, which leads to reversion to the original volume, 
also brings about a return to the original rate constant. If the experiments 
are so conducted that observations of Na content are made for some time 
before addition of the water (which causes hypotonicity), and the observations 
are continued till after the restoration of isotonicity (by addition of NaC)), it 
is found that the entry of water at the time of swelling, and its exit at the 
time the cell shrinks, does not induce a sudden change of the “Na content. 
Thus the cells can gain, and later lose, water equal in these experiments to 
a maximum of 40°%, of their ordinary water content without bringing about 
any abnormal sodium transfer. 


Histamine-acetylcholine inhibition in the isolated rat uterus. By 
J. G. FLETCHER 
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The antagonism between local anaesthetic drugs and 5-hydroxy- 
tryptamine. By Y. K. Suvma and G. B. West. Department of 
Pharmacology and Therapeutics, University of St Andrews Medical School, 
Dundee 


Armstrong, Dry; Keele & Markham (1952) have recently described the pain- 
producing action of 5-hydroxytryptamine and have shown that concentrations 
as low as 1 in 10° are effective. In view of its known presence in serum 
(Rapport, Green & Page, 1948) and in platelets (Humphrey & Jaques, 1953) 
we have studied the effects of six local anaesthetic drugs on the actions of 
5-hydroxytryptamine on the isolated rabbit’s and guinea-pig’s ileum, the 
non-pregnant uterus of the rat, the cat tracheal chain, and the rabbit auricles. 
Tachyphylaxis is prevented by interpolating three or four standard responses 
of acetylcholine, histamine or adrenaline between each 5-hydroxytryptamine 
response. 

The local anaesthetic drugs (procaine, lignocaine, cocaine, amylocaine, 
amethocaine and cinchocaine) antagonize the stimulant actions of 5-hydroxy- 
tryptamine in all preparations studied. There is good agreement between their 
relative activities based on these properties and their relative local anaesthetic 
potencies. A similar result is obtained when potassium chloride is used as the 
stimulant drug in the smooth muscle preparations, but there is no such 
agreement when the stimulant drug is acetylcholine. 


We are grateful to Dr R. K. Richards, Abbott Laboratories, North Chicago, U.8.A., and to 
Dr M. E. Speeter, the Upjohn Company, Kalamazoo, U.S.A., for supplying us with synthetic 
5-hydroxytryptamine creatinine sulphate. 


REFERENCES 


Armstrong, D., Dry, R. M. L., Keele, C. A. & Markham, J. W. (1952). J. Physiol. 117, 70P. 
Humphrey, J. H. & Jaques, R. L. (1953). J. Physiol. 119, 43 P. 
Rapport, M. M., Green, A. A. & Page, I. H. (1948). J. biol. Chem. 176, 1243. 


An inhibitory action of adrenaline abolished by adrenergic 
blocking drugs. By Mary D. McDoveat. Department of Pharmacology 
and Therapeutics, University of St Andrews Medical School, Dundee 

The peristaltic reflex initiated by raising the pressure in the lumen of the 

isolated intestine (Trendelenburg’s method) has been shown by Feldberg & Lin 

(1949) to be inhibited by drugs which paralyse the nervous structures in the 

intestinal wall. With local anaesthetic drugs or D-tubocurarine, the contraction 

of the longitudinal muscle, which is a response of the muscle fibres themselves 
to the stimulus of stretching, is not abolished. 

. Adrenaline (2x 10-*) and noradrenaline (4x 10-*) inhibit the peristaltic 
reflex in the isolated rabbit’s and guinea-pig’s intestine, but the nervous 
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structures are considerably less sensitive to isoprenaline (McDougal & West, 
1952); at the same time, contraction of the longitudinal muscle is considerably 
reduced in most experiments. The mechanism by which inhibition of the 
peristaltic reflex is produced by adrenaline and related substances is not clear. 
A direct depressant action of adrenaline on the superior cervical sympathetic 
ganglion has already been reported by Marrazzi (1939), and the following 
evidence suggests that a direct action on the nerve cells or fibres in the gut 
may occur. When the peristaltic reflex is inhibited by adrenaline, physo- 
stigmine (10~*) produces rhythmic contractions and an increase in tone of the 
circular muscle, as it does in the presence of ganglionic blocking concentrations 
of hexamethonium (Feldberg, 1951). When the guinea-pig’s ileum is stimulated 
by acetylcholine, histamine or nicotine, the three sympathomimetic amines 
greatly reduce the nicotine response in doses which have little or no effect on 
the other two responses. 

Adrenergic blocking drugs remove the inhibitory action of the three amines 
on the peristaltic reflex in the guinea-pig’s ileum but are without effect on the 
inhibition produced by cocaine or hexamethonium. The inhibition of the 
nicotine response is likewise removed by these blocking drugs in concentrations 
which block the excitor actions of adrenaline on the isolated rabbit uterus or 
pregnant uterus of the cat. With F933 (10-’) and tolazoline (5x 10-"), the 
adrenaline effect can be recovered by increasing the dose about twenty times, 
but the block with dibenamine (2 x 10-’) and SKF 688 A (5 x 10~®) is complete. 
Adrenergic blocking drugs do not influence other inhibitory actions of 
adrenaline, noradrenaline and isoprenaline. 
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The bronchial reaction of guinea-pigs to 5-hydroxytryptamine 
(serotonin). By H. Herxuermmer. Surgical Unit, University College 
Hospital Medical School, London, W.C.1 


Guinea-pigs were exposed to a 1% aerosol of 5-hydroxytryptamine 
(serotonin) in an aerosol chamber. They developed severe dyspnoea within 
50-150 sec, followed by convulsions. Duration of exposure and symptoms 
were the same as occur with aerosols of 0-5% histamine acid phosphate or 
025% acetylcholine. Mepyramine 1 mg/kg injected 1 hr before, did not 
influence the serotonin reaction, although it protects completely against 
histamine ‘and gives considerable protection against anaphylactic _— 
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Atropine sulphate 0-32 mg/kg which protects completely against acetylcholine 
and very slightly against anaphylactic shock, gave a considerable but 
incomplete protection against serotonin. It is concluded that serotonin is not 
an important direct cause of the symptoms of anaphylactic shock in the 


guinea-pig. 


The effects on the respiration and performance of adding 
oxygen to the inspired air during exercise. By R. G. Bannister. 


University Laboratory of Physiology, Oxford 


Four subjects ran on a motor-driven treadmill at a gradient and speed which 
caused them to stop, completely exhausted, in 6-9 min. Alveolar air was 
sampled by a modification of the method described by Rahn & Otis (1949). 
Each subject then repeated the exercise in three further experiments in which 
he breathed 33, 66 and 100% oxygen respectively. The addition of oxygen to 
the inspired air always improved the performance considerably as Hill, Long & 
Lupton showed in 1924. As Asmussen & Nielsen (1946) observed, the effect 
of 33% oxygen on ventilation, alveolar carbon dioxide tension and blood 
lactate concentration was less than that of 66% or pure oxygen. When the 
latter were substituted for atmospheric air the ventilation fell by 15-20 I./min 
and the alveolar carbon dioxide tension rose by 5-7 mm. 

The inhalation of pure oxygen resulted in exhaustion between 12 and 21min, 
whereas three of the subjects when breathing 66°% oxygen had not reached 
their breaking point when they stopped running after 23 min. The fourth 
reached his breaking point 2 mimdater than when he breathed pure oxygen. 
Three out of four subjects claimed a feeling of elation and the ability to run 
indefinitely when breathing 66 °/ oxygen, while both effects were absent when 
pure oxygen was breathed. The reason for this adverse effect of pure oxygen 
is not known, although the subjective comments may point to a change in the 
cerebral circulation. 

In further experiments the concentration of oxygen in the inspired air was 
suddenly raised to 66% and later reduced equally suddenly to the atmospheric 
concentration. In mild exercise, in which the subjects were presumably free 
from the effects of oxygen lack, no corresponding change in the alveolar carbon 
dioxide tension or pulmonary ventilation occurred. In more severe exercise 
the latency of the changes in ventilation and alveolar carbon dioxide tension 
was much less than half a minute and may have been only a few seconds, 
whereas the latency of the lactate change was much greater. Asmussen & 
Nielsen (1946) also found that the change was complete within a minute and 
suggested that some substance which acts as a respiratory stimulant is 
liberated in ischaemic muscles during exercise. An alternative explanation in 
terms of known factors is that when oxygen is added to the inspired air, the 


th 
al 

er 


SOCIETY, 20-21 MARCH 1953 67 P 


chemoreceptor drive caused by arterial anoxaemia is removed. The data of 
Barker, Pontius, Aviado & Lambertsen (1949) and the theoretical treatment of 
the alveolar-arterial oxygen gradient by Riley & Cournand (1951) make it 
highly probable that the distribution of air and blood within the lungs is 
extremely delicate. It is reasonable to assume that during maximal exercise 
this regulation is to some extent sacrificed in favour of a greater blood flow, 
in which case arterial anoxaemia might exist in the presence of a very high 
alveolar oxygen tension. Inadequate diffusion of oxygen across the pulmonary 
epithelium is another possible factor, but the more recent determinations of 
the Do, make it unlikely. 
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Applications of refractometry in haematology. By R. Barer, 
J. B. Howrs, K. F. A. Ross and 8. Tkaczyx. Departments of Human 
Anatomy and Clinical Pathology, University of Oxford 

In a previous communication (Barer & Ross, 1952) a method for determining 

the refractive index of living cells was described and it was shown that the 

concentration of solids and of water could be deduced. The haemoglobin in 

a mammalian red cell accounts for over 97% of the total solids. Thus 

refractometry of red cells is essentially a new method of haemoglobinometry. 

Unlike other methods, however, it enables the haemoglobin concentration in 

individual cells to be estimated so that curves showing the distribution of 

concentrations in the red cell population can be constructed. The method 
depends on immersing cells in various concentrations of a protein solution and 
observing them by phase-contrast microscopy. In order to obtain accurate 
absolute values it is essential that the cells should not undergo any change in 
volume. It is extremely difficult to be certain that this condition is observed, 
and at present the results (as applied to red cells) must be regarded as com- 
parative rather than absolute. In apparently normal individuals the extreme 
range of concentrations so far observed is from 28 to 345%, with the median 
at 31-33%. The latter values are in reasonably good agreement with the 
accepted ones in clinical haematology, namely, 35+3%. Results obtained in 
various blood diseases will be discussed. Iron deficiency anaemias can be 
readily detected even with a blood haemoglobin as high as 80%. The range of 
values is usually greater than in the normal, and the median is below 30%. 
In pernicious anaemia higher values than normal may be obtained. This 
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suggests that at least some of the cells are truly hyperchromic, with an 
increased concentration as well as an increased mass of haemoglobin. 

Another application enables functionally abnormal red cells to be recognized. 
In normal blood all the cells appear with reversed contrast (i.e. bright in 
positive phase-contrast) in 40% protein. If the blood is stored or treated with 
various substances, such as low concentrations of lytic agents and certain 
respiratory poisons, a proportion of the cells became dark. Experiments 
suggest that such cells become permeable to the surrounding protein. 
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Cortisone and placental glycogen in the rabbit. By P. L. Hosr. 
University of Louvain 

The effect of Cortisone on the uterine contents in the pregnant animal has 

been explored by Courrier & Colonge (1951) and by Robson & Sharaf (1951). 

At high dosage Cortisone injections induce abortion or resorption of the 

foetus in rabbits, rats and mice. This has been confirmed in the rabbit for 

a dosage of 5 mg. 

The effect of Cortisone on placental glycogen at different stages of pregnancy 
has been studied. Up to the 19th day of pregnancy, and using a dosage not 
higher than 0-5 mg Cortisone a day, the results show high figures for placental 
glycogen; in particular, the figures are very high for the foetal placenta; it is 
therefore highly probable that placental glycogen is increased as an effect of 
Cortisone pretreatment. After the 21st day of pregnancy, there is no longer 
an increase of placental glycogen, but the nutrition of the foetus is favourably 
affected. When a higher dosage of Cortisone is used, abortion or foetal resorp- 
tion is produced with very marked reduction of the placental glycogen. 
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Sugar tolerance and pregnancy in the rabbit. By P. L. Hoer. 
University of Louvain 

The high level of gluco-corticoids in blood during pregnancy is bound to 

modify the sugar tolerance or to put some stress on the function of the islands 

of Langerhans. This may be regarded as the physiological basis of a ‘diabeto- 

genic action of pregnancy in conditions of impaired insulino-genesis’. 
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Normal fasting rabbits have regular tolerance curves after dextrose injection. 
Glucose is given intravenously at a dose of 1 g/kg body weight, in a concentra- 
tion of 50°. Glucose is measured in venous blood 30, 60, 90 and 120 min after 
injection. 

The curve during gestation in individual rabbits shows that the tolerance 
is impaired, and that 48 hr after the end of pregnancy, the tolerance curve 


again gives normal figures. 
1. Rabbit 27 


Before 5th day 15th day 2 days 
pregnancy pregnancy pregnancy =—S_ after birth 
Fasting 100 68 93 102 
170 195 164 
lhr 140 115 189 143 
hag 114 94 125 110 
2 lll 80 114 116 
TABLE 2 
Rabbit 28 
15 days’ Rabbit 48 
Rabbit 28 i non- t+ 
15 days’ 2 x 0-5 mg 2 x 0-5 mg 
gestation 
F 70 127 117 
hr 250 332 153 
hr 159 221 116 
+e 104 147 107 
2 93 99 96 


One of the physiological causes of this impairment may be the increased 
level of gluco-corticoids in blood during pregnancy. A dose of Cortisone of 
4 mg/kg body weight was given for 2 days previous to the glucose tolerance 
curve. The resulting curves show that, with the impaired tolerance of pregnancy, 
the rabbits are exceedingly sensitive to the hyperglycaemic effect of Cortisone. 
The effects of 2 days’ pretreatment with 0-5 mg Cortisone per kg body weight 
on the tolerance curve is seen in the third column of Table 2. 

In the rabbit, therefore, gestation produces an impairment of the tolerance 
to glucose. This impairment disappears with the termination of pregnancy. 
The pregnant rabbit shows an increased sensitivity to the hyperglycaemic 
effect of small doses of Cortisone (0-5 mg/kg body weight for 2 days). 
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